Xcast6 Treemap Islands - A Mixed Model of Application and Network Layer Multicast by Moulierac, Joanna et al.
Xcast6 Treemap Islands - A Mixed Model of Application
and Network Layer Multicast
Joanna Moulierac, Truong Khoa Phan, Nam Thoai, Cuong Tran
To cite this version:
Joanna Moulierac, Truong Khoa Phan, Nam Thoai, Cuong Tran. Xcast6 Treemap Islands
- A Mixed Model of Application and Network Layer Multicast. [Research Report] RR-7784,
INRIA. 2011, pp.27. <inria-00637656>
HAL Id: inria-00637656
https://hal.inria.fr/inria-00637656
Submitted on 2 Nov 2011
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
a ppo r t   
 
d e  r e c he rc he  
IS
S
N
0
2
4
9
-6
3
9
9
IS
R
N
IN
R
IA
/R
R
--
7
7
8
4
--
F
R
+
E
N
G
Thème COM
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Xcast6 Treemap Islands - A Mixed Model of
Application and Network Layer Multicast
Joanna Moulierac — T. Khoa Phan — Nam Thoai — N. Cuong Tran
N° 7784
Octobre 2011

Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, BP 93, 06902 Sophia Antipolis Cedex (France)
Téléphone : +33 4 92 38 77 77 — Télécopie : +33 4 92 38 77 65
❳❝❛st✻ ❚r❡❡♠❛♣ ■s❧❛♥❞s ✲ ❆ ▼✐①❡❞ ▼♦❞❡❧ ♦❢ ❆♣♣❧✐❝❛t✐♦♥
❛♥❞ ◆❡t✇♦r❦ ▲❛②❡r ▼✉❧t✐❝❛st
❏♦❛♥♥❛ ▼♦✉❧✐❡r❛❝ ∗ ✱ ❚✳ ❑❤♦❛ P❤❛♥ ∗ ✱ ◆❛♠ ❚❤♦❛✐ † ✱ ◆✳ ❈✉♦♥❣ ❚r❛♥ †
❚❤è♠❡ ❈❖▼ ✖ ❙②stè♠❡s ❝♦♠♠✉♥✐❝❛♥ts
Pr♦❥❡t ▼❛s❝♦tt❡
❘❛♣♣♦rt ❞❡ r❡❝❤❡r❝❤❡ ♥➦ ✼✼✽✹ ✖ ❖❝t♦❜r❡ ✷✵✶✶ ✖ ✷✼ ♣❛❣❡s
❆❜str❛❝t✿ ■P ♠✉❧t✐❝❛st ✐s ❛ ♣r♦t♦❝♦❧ t❤❛t ❞❡❛❧s ✇✐t❤ ❣r♦✉♣ ❝♦♠♠✉♥✐❝❛t✐♦♥s ✇✐t❤ t❤❡ ❛✐♠
♦❢ r❡❞✉❝✐♥❣ tr❛✣❝ r❡❞✉♥❞❛♥❝② ✐♥ t❤❡ ♥❡t✇♦r❦✳ ❍♦✇❡✈❡r✱ ❞✉❡ t♦ ❞✐✣❝✉❧t② ✐♥ ❞❡♣❧♦②♠❡♥t ❛♥❞
♣♦♦r s❝❛❧❛❜✐❧✐t② ✇✐t❤ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♠✉❧t✐❝❛st ❣r♦✉♣s✱ ■P ♠✉❧t✐❝❛st ✐s st✐❧❧ ♥♦t ✇✐❞❡❧②
❞❡♣❧♦②❡❞ ❛♥❞ ✉s❡❞ ♦♥ t❤❡ ■♥t❡r♥❡t✳ ❘❡❝❡♥t❧②✱ ❳❝❛st✻ ❛♥❞ ❳❝❛st✻ ❚r❡❡♠❛♣✱ t❤❡ t✇♦ ♥❡t✇♦r❦
❧❛②❡r ♠✉❧t✐❝❛st ♣r♦t♦❝♦❧s✱ ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ ✇✐t❤ ❝♦♠♣❧❡♠❡♥t❛r② s❝❛❧✐♥❣ ♣r♦♣❡rt✐❡s t♦ ■P
♠✉❧t✐❝❛st✿ t❤❡② s✉♣♣♦rt ❛ ✈❡r② ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❛❝t✐✈❡ ♠✉❧t✐❝❛st s❡ss✐♦♥s✳ ❍♦✇❡✈❡r✱ t❤❡ ❦❡②
❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡s❡ ♣r♦t♦❝♦❧s ✐s t❤❛t t❤❡② ♦♥❧② s✉♣♣♦rt s♠❛❧❧ ♠✉❧t✐❝❛st ❣r♦✉♣✳ ■♥ t❤✐s ♣❛♣❡r✱
✇❡ ♣r♦♣♦s❡ ❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞ ✲ ❛ ❤②❜r✐❞ ♠♦❞❡❧ ♦❢ ❆♣♣❧✐❝❛t✐♦♥ ▲❛②❡r ▼✉❧t✐❝❛st ✭❆▲▼✮
❛♥❞ ❳❝❛st✻ t❤❛t ❝❛♥ ✇♦r❦ ❢♦r ❧❛r❣❡ ♠✉❧t✐❝❛st ❣r♦✉♣✳ ❖✉r ♠♦❞❡❧ ❤❛s s❡✈❡r❛❧ ❦❡② ❛❞✈❛♥t❛❣❡s✿
❡❛s❡ ♦❢ ❞❡♣❧♦②♠❡♥t✱ ❡✣❝✐❡♥❝② ✐♥ ❜❛♥❞✇✐❞t❤ s❛✈✐♥❣s✱ ♥♦ ❝♦♥tr♦❧ ♠❡ss❛❣❡ ❜❡t✇❡❡♥ ❡♥❞✲❤♦st
❛♥❞ r♦✉t❡r✱ ③❡r♦ ♠✉❧t✐❝❛st ❢♦r✇❛r❞✐♥❣ st❛t❡ ❛t r♦✉t❡r ❛♥❞ ♥♦ ♥❡❡❞ ❢♦r ❛ ♠✉❧t✐❝❛st ❛❞❞r❡ss
❛❧❧♦❝❛t✐♦♥ ♣r♦t♦❝♦❧✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤✐s ♠♦❞❡❧ ✐s ❛ ♣♦t❡♥t✐❛❧ s❡r✈✐❝❡ ❢r♦♠ ✇❤✐❝❤ ❛♥ ■❙P ❝❛♥ ❣❡t
♥❡✇ r❡✈❡♥✉❡✳ ❋✐♥❛❧❧②✱ ✐♥ s✐♠✉❧❛t✐♦♥ s❡❝t✐♦♥✱ ✇❡ ❤❛✈❡ ♠❛❞❡ ❛ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ■P ♠✉❧t✐❝❛st
❛♥❞ ◆■❈❊ ♣r♦t♦❝♦❧ t♦ s❤♦✇ t❤❡ ❢❡❛s✐❜✐❧✐t② ♦❢ ♦✉r ♥❡✇ ♠♦❞❡❧✳
❑❡②✲✇♦r❞s✿ ■P ♠✉❧t✐❝❛st✱ ❆♣♣❧✐❝❛t✐♦♥ ▲❛②❡r ▼✉❧t✐❝❛st✱ ❳❝❛st✱ ♠❡❞✐❛ str❡❛♠✐♥❣✱ ❧✐♥❡❛r
♣r♦❣r❛♠✱ ❛❧❣♦r✐t❤♠s✳
❚❤✐s ✇♦r❦ ❤❛s ❜❡❡♥ ♣❛rt❧② ❢✉♥❞❡❞ ❜② t❤❡ ❊✉r♦♣❡❛♥ ♣r♦❥❡❝t ❋❊❚ ❆❊❖▲❯❙✱ t❤❡ ❆◆❘ ❏❈❏❈ ❉■▼❆✲
●❘❊❊◆✳
∗ ▼❆❙❈❖❚❚❊✱ ■◆❘■❆✱ ■✸❙ ✭❈◆❘❙ ✲ ❯♥✐✈❡rs✐t② ◆✐❝❡ ❙♦♣❤✐❛✲❆♥t✐♣♦❧✐s✮✱ ❋r❛♥❝❡
† ❋❛❝✉❧t② ♦❢ ❈❙❊✱ ❍♦ ❈❤✐ ▼✐♥❤ ❈✐t② ❯♥✐✈❡rs✐t② ♦❢ ❚❡❝❤♥♦❧♦❣②✱ ❱✐❡t♥❛♠
❳❝❛st✻ ❚r❡❡♠❛♣ ■s❧❛♥❞s ✲ ❯♥ ♠♦❞è❧❡ ❤②❜r✐❞❡ ❡♥tr❡
▼✉❧t✐❝❛st ❆♣♣❧✐❝❛t✐❢ ❡t ❳❝❛st
❘és✉♠é ✿ ▲❡ ♠✉❧t✐❝❛st ❛ été ✐♥✈❡♥té ♣♦✉r ❣ér❡r ❧❡s ❝♦♠♠✉♥✐❝❛t✐♦♥s ❞❡ ❣r♦✉♣❡s t♦✉t ❡♥
ré❞✉✐s❛♥t ❧❛ ❝❤❛r❣❡ ❞❡ tr❛✜❝ r❡❞♦♥❞❛♥t s✉r ❧❡ rés❡❛✉✳ ❆❝t✉❡❧❧❡♠❡♥t✱ ❧❡ ♠✉❧t✐❝❛st ♥✬❡st ♣❛s
❧❛r❣❡♠❡♥t ❞é♣❧♦②é ❡t ✉t✐❧✐sé s✉r ❧✬■♥t❡r♥❡t✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡♥ r❛✐s♦♥ ❞❡s ♣r♦❜❧è♠❡s ❞❡ ♣❛ss❛❣❡
à ❧✬é❝❤❡❧❧❡ ❛✈❡❝ ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❣r♦✉♣❡s✳ ❘é❝❡♠♠❡♥t✱ ❳❝❛st✻ ❡t ❳❝❛st✻ ❚r❡❡♠❛♣✱ ♦♥t
été ♣r♦♣♦sés ♣♦✉r ♣❛❧❧✐❡r à ❝❡ ♣r♦❜❧è♠❡✿ ❝❡s ❞❡✉① ♣r♦t♦❝♦❧❡s ♣❡✉✈❡♥t ❣ér❡r ✉♥ très ❣r❛♥❞
♥♦♠❜r❡ ❞❡ ❣r♦✉♣❡s ❛❝t✐❢s✳ ❚♦✉t❡❢♦✐s✱ ❧❛ ♣r✐♥❝✐♣❛❧❡ r❡str✐❝t✐♦♥ ❞❡ ❝❡s ♣r♦t♦❝♦❧❡s ❡st q✉✬✐❧s
♥❡ ❢♦♥❝t✐♦♥♥❡♥t q✉✬❛✈❡❝ ❞❡s ❣r♦✉♣❡s ❞❡ très ♣❡t✐t❡ t❛✐❧❧❡ ✭❛✈❡❝ ♣❡✉ ❞❡ ♠❡♠❜r❡s✮✳ ❉❛♥s
❝❡ ♣❛♣✐❡r✱ ♥♦✉s ♣r♦♣♦s♦♥s ❳❝❛st✻ ❚r❡❡♠❛♣ ■s❧❛♥❞ ✲ ✉♥ ♠♦❞è❧❡ ❤②❜r✐❞❡ ❡♥tr❡ ❆♣♣❧✐❝❛t✐♦♥
▲❛②❡r ▼✉❧t✐❝❛st ✭❆▲▼✮ ❡t ❳❝❛st✻ q✉✐ ♣❡✉✈❡♥t ❣ér❡r ❞❡s ❣r♦✉♣❡s ❞❡ ❣r❛♥❞❡ t❛✐❧❧❡✳ ▲❡s
❛✈❛♥t❛❣❡s ♣r✐♥❝✐♣❛✉① ❞❡ ♥♦❡tr ♠♦❞è❧❡s s♦♥t ❧❡s s✉✐✈❛♥ts ✿ ❢❛❝✐❧✐té ❞❡ ❞é♣❧♦✐❡♠❡♥t✱ ✉t✐❧✐s❛t✐♦♥
❡✣❝❛❝❡ ❞❡ ❧❛ ❜❛♥❞❡✲♣❛ss❛♥t❡✱ s✉♣♣r❡ss✐♦♥ ❞❡s ♠❡ss❛❣❡s ❞❡ ❝♦♥trô❧❡ ❡t ❛✉❝✉♥❡ ♥é❝❡ss✐té ❞✬✉♥
♣r♦t♦❝♦❧❡ ❞✬❛❧❧♦❝❛t✐♦♥ ❞✬❛❞r❡ss❡s ♠✉❧t✐❝❛st✳ ◆♦✉s ♠♦♥tr♦♥s ❧❛ ❢❛✐s❛❜✐❧✐té ❡t ❧✬❡✣❝❛❝✐té ❞❡
♥♦tr❡ ♣r♦♣♦s✐t✐♦♥ ♣❛r ❞❡s s✐♠✉❧❛t✐♦♥s ♦ù ♥♦✉s ❝♦♠♣❛r♦♥s ♥♦tr❡ ♣r♦♣♦s✐t✐♦♥✱ ✉♥ ♣r♦t♦❝♦❧❡ ■P
♠✉❧t✐❝❛st tr❛❞✐t✐♦♥♥❡❧✱ ❡t ❧❡ ♣r♦t♦❝♦❧❡ ◆■❈❊ ♣♦✉r ❆▲▼✳
▼♦ts✲❝❧és ✿ ■P ▼✉❧t✐❝❛st✱ ▼✉❧t✐❝❛st ❆♣♣❧✐❝❛t✐❢ ✭❆▲▼✮✱ ❳❝❛st✱ ❙tr❡❛♠✐♥❣✱ ♣r♦❣r❛♠♠❛t✐♦♥
❧✐♥é❛✐r❡✱ ❛❧❣♦r✐t❤♠❡s
❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ❢♦r ▲❛r❣❡ ▼✉❧t✐❝❛st ●r♦✉♣s ✸
✶ ■♥tr♦❞✉❝t✐♦♥
▼✉❧t✐❝❛st ✐s ❛ ✉s❡❢✉❧ s❡r✈✐❝❡ ❢♦r ♠✉❧t✐✲♣❛rt② ❛♣♣❧✐❝❛t✐♦♥s t♦ ❤❡❧♣ r❡❞✉❝❡ tr❛✣❝ ♦♥ t❤❡ ♥❡t✇♦r❦✳
❚❤❡ ✈❡r② ✜rst ✐❞❡❛ ♦❢ ♠✉❧t✐❝❛st ✇❛s ✐♥tr♦❞✉❝❡❞ ❜② ❆❣✉✐❧❛r ✐♥ ✶✾✽✹ ❬✶❪✳ ■♥ t❤✐s ♣r♦♣♦s❛❧✱ t♦
s❡♥❞ ❞❛t❛ t♦ ❛ ❣r♦✉♣✱ t❤❡ s♦✉r❝❡ ♥❡❡❞s t♦ ♣✉t ❛❧❧ r❡❝❡✐✈❡rs✬ ❛❞❞r❡ss❡s ✐♥ t❤❡ ❤❡❛❞❡r ♦❢ ❡❛❝❤
♣❛❝❦❡t✳ ❯♣♦♥ r❡❝❡✐✈✐♥❣ ❛ ♠✉❧t✐❝❛st ♣❛❝❦❡t✱ t❤❡ r♦✉t❡r ❧♦♦❦s ✉♣ t❤❡ ❡♥t✐r❡ ❧✐st ♦❢ ❞❡st✐♥❛t✐♦♥s✱
❞✉♣❧✐❝❛t❡s ❛♥❞ ❢♦r✇❛r❞s t❤❡ ♣❛❝❦❡t t♦ t❤❡ ❛♣♣r♦♣r✐❛t❡ ♥❡t✇♦r❦ ✐♥t❡r❢❛❝❡s✳ ■t ✐s ❝❧❡❛r ❢♦r t❤✐s
♣r♦♣♦s❛❧✿ t❤❡ ♠♦r❡ ❞❡st✐♥❛t✐♦♥s ❛r❡ ✐♥❝❧✉❞❡❞✱ t❤❡ ❧❡ss s♣❛❝❡ ❢♦r ♣❛②❧♦❛❞ ✐s ❝♦♥t❛✐♥❡❞ ✐♥
t❤❡ ♣❛❝❦❡t✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ♣r♦♣♦s❡❞ s♦❧✉t✐♦♥ s❡❡♠s ✐♥❡✛❡❝t✐✈❡ ❜❡❝❛✉s❡ ✐t ♦♥❧② s✉♣♣♦rts
s♠❛❧❧ ♠✉❧t✐❝❛st ❣r♦✉♣s✳ ■♥ ✶✾✽✽✱ ❉❡❡r✐♥❣ ✐♥✈❡♥t❡❞ ❤♦st ❣r♦✉♣ ♠✉❧t✐❝❛st ✭♦r ■P ♠✉❧t✐❝❛st✮
❬✷❪ ✇❤✐❝❤ s♦❧✈❡❞ t❤❡ ♣r♦❜❧❡♠s ❡♥❝♦✉♥t❡r❡❞ ✐♥ ❆❣✉✐❧❛r✬s ♣r♦♣♦s❛❧✳ ❙✉❜s❡q✉❡♥t❧②✱ ■♥t❡r♥❡t
r❡s❡❛r❝❤ ❝♦♠♠✉♥✐t② ❡♥❤❛♥❝❡❞ t❤✐s ✐❞❡❛ ✇✐t❤ ❞❡✈❡❧♦♣♠❡♥t s♦❧✉t✐♦♥s✳ ❍♦✇❡✈❡r✱ ♠♦r❡ t❤❛♥
t✇♦ ❞❡❝❛❞❡s ❤❛✈❡ ♣❛ss❡❞✱ ■P ♠✉❧t✐❝❛st st✐❧❧ ❤❛s ♥♦t ❜❡❡♥ ✇✐❞❡❧② ❞❡♣❧♦②❡❞ ❛♥❞ ✉s❡❞ ♦♥ t❤❡
■♥t❡r♥❡t✳ ❚❤❡r❡ ❛r❡ ♠❛♥② ♣r♦❜❧❡♠s ♦❢ ■P ♠✉❧t✐❝❛st ❞✉❡ t♦ ❛ ✈❛r✐❡t② ♦❢ ❛❞♠✐♥✐str❛t✐♦♥ ❛s ✇❡❧❧
❛s t❡❝❤♥✐❝❛❧ ✐ss✉❡s ❬✸❪❬✹❪✳ ❆s st❛t❡❞ ✐♥ ❬✺❪✱ ✇❤❡♥ s✉♣♣♦rt✐♥❣ ♠❛♥② ❣r♦✉♣s ❛t t❤❡ s❛♠❡ t✐♠❡✱ ■P
♠✉❧t✐❝❛st ❡♥❝♦✉♥t❡rs ❛ ♠❛❥♦r ♦❜st❛❝❧❡ ✐♥ r♦✉t✐♥❣ t❛❜❧❡✬s s✐③❡ ❛t r♦✉t❡rs✳ ❘❡❝❡♥t❧②✱ t❤❡ s♠❛❧❧
❣r♦✉♣ ❛♣♣❧✐❝❛t✐♦♥s s✉❝❤ ❛s ✈✐❞❡♦ ❝♦♥❢❡r❡♥❝✐♥❣ ❛r❡ ❜❡❝♦♠✐♥❣ ♠♦r❡ ❛♥❞ ♠♦r❡ ♣♦♣✉❧❛r✱ ❧❡❛❞✐♥❣
t♦ t❤❡ r❡q✉✐r❡♠❡♥t ❢♦r ❛ ♥❡✇ ♣r♦t♦❝♦❧ t♦ s✉♣♣♦rt ❜❡tt❡r✳ ❚❤❡ ♣♦✐♥t ♦❢ t❤❡s❡ ❛♣♣❧✐❝❛t✐♦♥s ✐s
t❤❛t t❤❡r❡ ✐s ❛ ❣r❡❛t ♥✉♠❜❡r ♦❢ s♠❛❧❧ ♠✉❧t✐❝❛st s❡ss✐♦♥s ✇♦r❦✐♥❣ ❝♦♥❝✉rr❡♥t❧② ♦♥ t❤❡ ■♥t❡r♥❡t✳
❆s ❡①❛♠♣❧❡s ♦❢ ♣r♦t♦❝♦❧s ♠❛♥❛❣✐♥❣ s♠❛❧❧ ❣r♦✉♣ ❛♣♣❧✐❝❛t✐♦♥s✱ ✇❡ ❝❛♥ ❝✐t❡ ❳❝❛st✻ ✭❊①♣❧✐❝✐t
▼✉❧t✐✲✉♥✐❝❛st ❢♦r ■P✈✻ ✲ ❘❋❈ ✺✵✺✽✮ ❬✺❪ ❛♥❞ ❳❝❛st✻ ❚r❡❡♠❛♣ ✭❳✻❚✮ ❬✻❪✳ ❍♦✇❡✈❡r✱ ❧✐❦❡ t❤❡
❆❣✉✐❧❛r✬s ♣r♦♣♦s❛❧✱ ❜♦t❤ ❳❝❛st✻ ❛♥❞ ❳✻❚ ❤❛✈❡ ❛ ❞✐s❛❞✈❛♥t❛❣❡ t❤❛t t❤❡② ❧✐♠✐t ♠✉❧t✐❝❛st
s❡ss✐♦♥ t♦ ❥✉st ❛ ❢❡✇ ✉s❡rs✳
■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ♣r♦♣♦s❡ ❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ✭❳✻❚✐✮ ✲ ❛ s✐♠♣❧❡ ❛♣♣r♦❛❝❤ t♦ ❝♦♠❜✐♥❡
❆▲▼ ❛♥❞ ❳✻❚ t♦ ✇♦r❦ ❢♦r ❧❛r❣❡ ♠✉❧t✐❝❛st ❣r♦✉♣s✳ ❳✻❚✐ ♦✛❡rs ♠❛♥② ❛❞✈❛♥t❛❣❡s ♦✈❡r t❤❡
❡①✐st✐♥❣ ♠✉❧t✐❝❛st ♣r♦t♦❝♦❧s✿
❼ s❝❛❧✐♥❣ ✇❡❧❧ ✇✐t❤ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❝♦♥❝✉rr❡♥t❧② ❛❝t✐✈❡ ♠✉❧t✐❝❛st ❣r♦✉♣s ✭❡✈❡♥ ✇✐t❤
❧❛r❣❡ ♠✉❧t✐❝❛st ❛♣♣❧✐❝❛t✐♦♥s✮✳
❼ ❡❛s② t♦ ❞❡♣❧♦② ♦♥ t❤❡ ■♥t❡r♥❡t✳
❼ ❣✉❛r❛♥t❡❡✐♥❣ q✉❛❧✐t② ♦❢ s❡r✈✐❝❡ ❢♦r ♠✉❧t✐❝❛st ❛♣♣❧✐❝❛t✐♦♥✳
❼ ♥♦ ♥❡❡❞ ❢♦r ❛ ♠✉❧t✐❝❛st ❛❞❞r❡ss ❛❧❧♦❝❛t✐♦♥ s❝❤❡♠❡✳
❼ ❛ ♣♦t❡♥t✐❛❧ s❡r✈✐❝❡ ❢r♦♠ ✇❤✐❝❤ ❛♥ ■❙P ❝❛♥ r❡❝❡✐✈❡ ♥❡✇ r❡✈❡♥✉❡✳
❚❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ ♦✉r ✇♦r❦ ❛r❡ t❤❡ ❢♦❧❧♦✇✐♥❣✿
❼ ❲❡ ❡①t❡♥❞ t❤❡ ❢♦r✇❛r❞✐♥❣ ❛❧❣♦r✐t❤♠ ✐♥ ❬✻❪ t♦ ❣✉❛r❛♥t❡❡ ❳✻❚ t♦ ✇♦r❦ ♦♥ t❤❡ ♥❡t✇♦r❦
✇✐t❤ ❜♦t❤ ❳❝❛st✲❛✇❛r❡ ❛♥❞ ♥♦r♠❛❧ r♦✉t❡rs✳
❼ ❲❡ ♣r♦♣♦s❡ ❛ ❣❡♥❡r❛❧ ♠♦❞❡❧ ❝❛❧❧❡❞ ❳✻❚✐ t♦ s✉♣♣♦rt ❧❛r❣❡ ♠✉❧t✐❝❛st ❣r♦✉♣s✳
❼ ❲❡ ♣r❡s❡♥t ✐♥ ❞❡t❛✐❧ ❛ t✇♦✲t✐❡r ✐♥❢r❛str✉❝t✉r❡ ❢♦r ❧❛r❣❡✲s❝❛❧❡ ♠❡❞✐❛ str❡❛♠✐♥❣ ✉s✐♥❣ t❤❡
❳✻❚✐ ♠♦❞❡❧✳
❘❘ ♥➦ ✼✼✽✹
✹ ▼♦✉❧✐❡r❛❝ ✫ P❤❛♥ ✫ ❚❤♦❛✐ ✫ ❚r❛♥
❼ ❋✐♥❛❧❧②✱ ✇❡ ❞✐s❝✉ss ♣r♦s ❛♥❞ ❝♦♥s ♦❢ ❳✻❚✐ ❛♥❞ ❜② s✐♠✉❧❛t✐♦♥✱ ✇❡ s❤♦✇ t❤❡ ❡✣❝✐❡♥❝② ♦❢
❳✻❚✐ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❡①✐st✐♥❣ ♠✉❧t✐❝❛st ♣r♦t♦❝♦❧s✳
❚❤❡ r❡st ♦❢ t❤✐s ♣❛♣❡r ✐s str✉❝t✉r❡❞ ❛s ❢♦❧❧♦✇s✳ ❲❡ ♣r❡s❡♥t r❡❧❛t❡❞ ✇♦r❦s ✐♥ s❡❝t✐♦♥ ✷✳ ❚❤❡
✐❞❡❛ ♦❢ t❤❡ ❳✻❚✐ ♠♦❞❡❧ ✐s ✐♥tr♦❞✉❝❡❞ ✐♥ s❡❝t✐♦♥ ✸✳ ❙❡❝t✐♦♥ ✹ ❞❡s❝r✐❜❡s ❛ t✇♦✲t✐❡r ✐♥❢r❛str✉❝t✉r❡
❢♦r ❧❛r❣❡✲s❝❛❧❡ ♠❡❞✐❛ str❡❛♠✐♥❣ ✉s✐♥❣ t❤❡ ❳✻❚✐ ♠♦❞❡❧✳ ❙❡❝t✐♦♥ ✺ ♣r❡s❡♥ts s✐♠✉❧❛t✐♦♥ r❡s✉❧ts✳
❲❡ ❞✐s❝✉ss t❤❡ ♣r♦s ❛♥❞ ❝♦♥s ♦❢ ❳✻❚✐ ✐♥ ❙❡❝t✐♦♥ ✻ ❛♥❞ ✜♥❛❧❧②✱ ✇❡ ❝♦♥❝❧✉❞❡ t❤❡ ♣❛♣❡r ✐♥
❙❡❝t✐♦♥ ✼✳
✷ ❘❡❧❛t❡❞ ✇♦r❦s
✷✳✶ ■P ♠✉❧t✐❝❛st
■♥ ■P ♠✉❧t✐❝❛st✱ t❤❡ s♦✉r❝❡ ❤♦st s❡♥❞s ❞❛t❛ ♣❛❝❦❡ts t♦ ❛ ❣r♦✉♣ ♦❢ ❞❡st✐♥❛t✐♦♥s r❡♣r❡s❡♥t❡❞
❜② ❛♥ ■P ♠✉❧t✐❝❛st ❣r♦✉♣ ❛❞❞r❡ss ✭❛ s♣❡❝✐❛❧❧② r❡s❡r✈❡❞ ♠✉❧t✐❝❛st ❛❞❞r❡ss ❜❧♦❝❦s ✐♥ ■P✈✹
❛♥❞ ■P✈✻ ❧✐❦❡ ✏✷✷✹✳✶✳✵✳✶✵✑ ✐♥ ❋✐❣✉r❡ ✶✮✳ ❚❤❡ r❡❝❡✐✈❡rs ✉s❡ t❤✐s ❣r♦✉♣ ❛❞❞r❡ss t♦ ✐♥❢♦r♠ t❤❡
♥❡t✇♦r❦ t❤❛t t❤❡② ❛r❡ ✐♥t❡r❡st❡❞ ✐♥ r❡❝❡✐✈✐♥❣ ♣❛❝❦❡ts s❡♥t t♦ t❤❛t ❣r♦✉♣✳ ❚❤❡ r♦✉t❡rs ✐♥ t❤❡
♥❡t✇♦r❦ ✇✐❧❧ r❡♣❧✐❝❛t❡ t❤❡ ♣❛❝❦❡t t♦ r❡❛❝❤ ♠✉❧t✐♣❧❡ r❡❝❡✐✈❡rs s✉❝❤ t❤❛t ♣❛❝❦❡ts ❛r❡ s❡♥t ♦✈❡r
❡❛❝❤ ❧✐♥❦ ♦❢ t❤❡ ♥❡t✇♦r❦ ♦♥❧② ♦♥❝❡✳
❋✐❣✉r❡ ✶✿ ❚❤❡ s♦✉r❝❡ ❙ s❡♥❞s ❞❛t❛ t♦ ❛ ❣r♦✉♣ ✉s✐♥❣ ■P ♠✉❧t✐❝❛st
❚❤❡ ❝❤❛❧❧❡♥❣❡s ♦❢ ■P ♠✉❧t✐❝❛st ❤❛✈❡ ❜❡❡♥ ♣r❡s❡♥t❡❞ ✐♥ ❬✸❪❬✹❪✳ ■♥ s✉♠♠❛r②✱ ■P ♠✉❧t✐❝❛st
r❡q✉✐r❡s ❛❧❧ r♦✉t❡rs ♦♥ t❤❡ ♥❡t✇♦r❦ t♦ ❜❡ ✉♣❣r❛❞❡❞✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ■P ♠✉❧t✐❝❛st ❝❛♥♥♦t
s✉♣♣♦rt ❛ ✈❡r② ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❛❝✐t✈❡ ♠✉❧t✐❝❛st ❣r♦✉♣ ❜❡❝❛✉s❡ ♦❢ t❤❡ st❛t❡ s❝❛❧❛❜✐❧✐t② ♣r♦❜❧❡♠
❛t r♦✉t❡rs ❬✼❪✳
■◆❘■❆
❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ❢♦r ▲❛r❣❡ ▼✉❧t✐❝❛st ●r♦✉♣s ✺
✷✳✷ ❆♣♣❧✐❝❛t✐♦♥ ▲❛②❡r ▼✉❧t✐❝❛st ✭❆▲▼✮
❉✉❡ t♦ t❤❡ s♣❛rs❡ ❞❡♣❧♦②♠❡♥t ♦❢ ■P ♠✉❧t✐❝❛st✱ ♠❛♥② r❡s❡❛r❝❤❡rs ❤❛✈❡ s✉❣❣❡st❡❞ t♦ ♠♦✈❡ ♠✉❧✲
t✐❝❛st s❡r✈✐❝❡ t♦ ❛♣♣❧✐❝❛t✐♦♥ ❧❡✈❡❧ ❬✽❪❬✾❪✳ ■♥ ❆▲▼✱ ✐♥st❡❛❞ ♦❢ ❝❤❛♥❣✐♥❣ ♥❡t✇♦r❦ ✐♥❢r❛str✉❝t✉r❡✱
❢♦r✇❛r❞✐♥❣ ❢✉♥❝t✐♦♥ ✐s ✐♠♣❧❡♠❡♥t❡❞ ❛t ❡♥❞✲❤♦sts✳ ▲♦❣✐❝❛❧❧②✱ ❛♥ ♦✈❡r❧❛② ♥❡t✇♦r❦ ✐s ❢♦r♠❡❞
❛♥❞ ♣❛❝❦❡ts ❛r❡ r❡♣❧✐❝❛t❡❞ ❛t t❤❡ ❡♥❞✲❤♦sts✳ ❉✉❡ t♦ ✐ts ❡❛s❡ ♦❢ ❞❡♣❧♦②♠❡♥t✱ ❆▲▼ ❤❛s ❣❛✐♥❡❞
✐♥❝r❡❛s✐♥❣ ♣♦♣✉❧❛r✐t② ✐♥ t❤❡ ♠✉❧t✐❝❛st ❝♦♠♠✉♥✐t②✳ ❍♦✇❡✈❡r✱ tr❛✣❝ r❡❞✉♥❞❛♥❝② st✐❧❧ ❡①✐sts
❛♥❞ ❆▲▼ ✐s ♥♦t r❡❛❧❧② ✉s❡❢✉❧ ♦♥ t❤❡ ♥❡t✇♦r❦ ✇❤❡r❡ ❜❛♥❞✇✐❞t❤ ✐s ❧✐♠✐t❡❞✳ ❋✉rt❤❡r♠♦r❡✱ ❧♦♥❣
❡♥❞✲t♦✲❡♥❞ ❞❡❧❛② ✐s ❛❧s♦ ❛♥ ✐ss✉❡ ♦❢ ❆▲▼✳
✷✳✸ ❳❝❛st✻ ❛♥❞ ❳❝❛st✻ ❚r❡❡♠❛♣ ✭❳✻❚✮
❚❤❡ ■P✈✻ ♣r♦t♦❝♦❧ ❤❛s t❤❡ ❡①t❡♥s✐♦♥ ❤❡❛❞❡rs ❛❧❧♦✇✐♥❣ t♦ ❡♥❝♦❞❡ ❛❞❞✐t✐♦♥❛❧ ✐♥❢♦r♠❛t✐♦♥ ✐♥
t❤❡ ♣❛❝❦❡t✳ ❯♥❧✐❦❡ ❡①✐st✐♥❣ ♥❡t✇♦r❦ ♠✉❧t✐❝❛st ♣r♦t♦❝♦❧s ❬✷❪❬✶✵❪✱ ❳❝❛st✻ ❛♥❞ ❳✻❚ ✉t✐❧✐③❡ t❤❡
✇❡❧❧ ❞❡s✐❣♥❡❞ str✉❝t✉r❡ ♦❢ t❤❡ ■P✈✻ ❛♥❞ ❢♦❧❧♦✇ t❤❡ st❛♥❞❛r❞✐③❛t✐♦♥✱ t❤✉s ✐t ❝❛♥ ✇♦r❦ ♦♥ t❤❡
♥❡t✇♦r❦ ✇❤❡r❡✈❡r ■P✈✻ ✐s s✉♣♣♦rt❡❞✳
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❋✐❣✉r❡ ✷✿ ❳✻❚✐ ♣❛❝❦❡t ❤❡❛❞❡r ❛♥❞ t❤❡ ❡♥❝♦❞❡❞ ♦✈❡r❧❛② tr❡❡
❚❤❡ ❞❡t❛✐❧ str✉❝t✉r❡ ♦❢ ❳❝❛st✻ ❛♥❞ ❳✻❚ ♣❛❝❦❡t ❤❡❛❞❡r ❤❛✈❡ ❜❡❡♥ ❞❡s❝r✐❜❡❞ ✐♥ ❬✺❪❬✻❪✳ ■♥
s✉♠♠❛r②✱ ❳❝❛st✻ ❤❛s ❛ ❧✐st ♦❢ ■P✈✻ ❞❡st✐♥❛t✐♦♥ ❛❞❞r❡ss❡s ❛♥❞ ❛ ❧✐st ♦❢ ❜✐t♠❛♣s ✭❋✐❣✉r❡ ✷❛✮✳
✏❇✐t♠❛♣ ❂ ✶✑ ✐s ✉s❡❞ t♦ ♠❛r❦ ❡♥❞✲❤♦sts ✇❤✐❝❤ ❤❛✈❡ ♥♦t r❡❝❡✐✈❡❞ t❤❡ ♣❛❝❦❡t ②❡t✳ ❋♦r ❡✈✲
❡r② r❡❝❡✐✈❡❞ ❳❝❛st✻ ♣❛❝❦❡t✱ ❳❝❛st✲❛✇❛r❡ r♦✉t❡r ❧♦♦❦✉♣s ❛❧❧ t❤❡ ❞❡st✐♥❛t✐♦♥s ✐♥ ✐ts ✉♥✐❝❛st
r♦✉t✐♥❣ t❛❜❧❡✱ ❞✉♣❧✐❝❛t❡s ❛♥❞ ❢♦r✇❛r❞s t❤❡ ♣❛❝❦❡t t♦ ❛♣♣r♦♣r✐❛t❡ ♥❡t✇♦r❦ ✐♥t❡r❢❛❝❡s✳ ❋♦r
♥♦♥✲❳❝❛st✲❛✇❛r❡ ♦r ♥♦r♠❛❧ r♦✉t❡rs✱ t❤❡ ♣❛❝❦❡t ✐s ❢♦r✇❛r❞❡❞ ❧✐❦❡ ❛ ♥♦r♠❛❧ ✉♥✐❝❛st ♣❛❝❦❡t
✇✐t❤ ❞❡st✐♥❛t✐♦♥ ❛❞❞r❡ss ✐♥ t❤❡ ✏♦✉t❡r ■P✑✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❤❡♥ ❛♥ ❳❝❛st✻ ❡♥❞✲❤♦st r❡❝❡✐✈❡s ❛
♣❛❝❦❡t✱ ❜❛s❡❞ ♦♥ t❤❡ ❜✐t♠❛♣✱ ✐t ✇✐❧❧ ♥♦t✐❝❡ t❤❡ ♦t❤❡r ❞❡st✐♥❛t✐♦♥s t❤❛t ❤❛✈❡ ♥♦t r❡❝❡✐✈❡❞ t❤✐s
♣❛❝❦❡t ②❡t✳ ❚❤❡ ❳❝❛st✻ ❡♥❞✲❤♦st t❤❡♥ s❡♥❞s t❤❡ ♣❛❝❦❡t t♦ ♦♥❡ ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ ❞❡st✐♥❛t✐♦♥s✳
❘❘ ♥➦ ✼✼✽✹
✻ ▼♦✉❧✐❡r❛❝ ✫ P❤❛♥ ✫ ❚❤♦❛✐ ✫ ❚r❛♥
❖❜✈✐♦✉s❧②✱ ♦♥ t❤❡ ♥❡t✇♦r❦ ✇✐t❤ s♣❛r❡ ♦r ♥♦ ❳❝❛st✲❛✇❛r❡ r♦✉t❡r✱ t❤❡ ❳❝❛st✻ ♣❛❝❦❡t ✐s ❢♦r✲
✇❛r❞❡❞ ❛s ❛ ❞❛✐s②✲❝❤❛✐♥ ♦❢ ❳❝❛st✻ ❡♥❞✲❤♦sts ✇❤✐❝❤ ❝❛♥ ♥♦t ❣✉❛r❛♥t❡❡ ◗♦❙ ❢♦r ❛♣♣❧✐❝❛t✐♦♥s✳
❚♦ s♦❧✈❡ t❤✐s ♣r♦❜❧❡♠✱ t❤❡ ❛✉t❤♦rs ✐♥ ❬✻❪ ♣r♦♣♦s❡ ❳✻❚ ✇❤✐❝❤ ❛❞❞✐t✐♦♥❛❧❧② ❡♥❝♦❞❡s ❛♥ ♦✈❡r❧❛②
r♦✉t✐♥❣ tr❡❡ ✭❋✐❣✉r❡ ✷❛✮✳ ❚❤❡ ✐❞❡❛ ✐s t❤❛t ✇❤❡♥ ❳✻❚ ♣❛❝❦❡ts ❛r❡ ♥♦t ♠✉❧t✐❝❛st❡❞ ❛t ♥❡t✇♦r❦
❧❛②❡r ✭✐✳❡✳ t❤❡r❡ ✐s ♥♦ ❳❝❛st✲❛✇❛r❡ r♦✉t❡r✮✱ t❤❡ ❳✻❚ ❡♥❞✲❤♦sts ✇✐❧❧ ❜❛s❡❞ ♦♥ t❤❡ r♦✉t✐♥❣ ✐♥✲
❢♦r♠❛t✐♦♥ ✐♥ t❤❡ ♣❛❝❦❡t ❤❡❛❞❡r ❛♥❞ ❢♦r✇❛r❞ t❤❡ ❳✻❚ ♣❛❝❦❡ts ✐♥ ❆▲▼ ♠❛♥♥❡r✳ ❚❤❡ ♦✈❡r❧❛②
tr❡❡ ✭❋✐❣✉r❡ ✷❜✮ ✐s s✐♠♣❧② ❡♥❝♦❞❡❞ ❜② ❛♥ ♦r❞❡r❡❞ ❧✐st ♦❢ ❞❡st✐♥❛t✐♦♥s ❛♥❞ ❛ s❡r✐❡s ♦❢ ♥✉♠❜❡rs
❝❛❧❧❡❞ ✏tr❡❡♠❛♣✑ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷❛✳ ❚❤❡ ♦r❞❡r❡❞ ❧✐st ♦❢ ❞❡st✐♥❛t✐♦♥s ✐s ❝♦♥str✉❝t❡❞ ❜② ❛
❜r❡❛❞t❤✲✜rst tr❡❡ tr❛✈❡rs❛❧ ✭✐✳❡✳ ❇ ❈ ❉ ❊ ❋ ● ❍✮✳ ❆♥❞ t❤❡ ♥✉♠❜❡r ✐♥ ✏tr❡❡♠❛♣✑ ❝♦rr❡s♣♦♥❞s
t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❝❤✐❧❞r❡♥ ❡❛❝❤ ❡♥❞✲❤♦st ❤❛s✳
❚❤❡ ✐❞❡❛ ♦❢ ❤♦✇ ❳✻❚ ✇♦r❦s ✐s t❤❛t ❡❛❝❤ ❳✻❚ ♣❛❝❦❡t ✐s ❤❛♥❞❧❡❞ ❜② ❛♥ ❳❝❛st✲❛✇❛r❡ r♦✉t❡r
✭✐❢ ❛♥②✮ ♦♥ t❤❡ r♦✉t✐♥❣ ❜❡t✇❡❡♥ t❤❡ s♦✉r❝❡ ❛♥❞ ❞❡st✐♥❛t✐♦♥ ❤♦sts✳ ❖t❤❡r✇✐s❡✱ t❤❡ ❳❝❛st✻
♣❛❝❦❡t ✇✐❧❧ ❜❡ ♣r♦❝❡ss❡❞ ❜② ❛♥ ❳❝❛st✻ ❡♥❞✲❤♦st✳ ◆♦t❡ t❤❛t ❜♦t❤ ❳❝❛st✲❛✇❛r❡ r♦✉t❡rs ❛♥❞
❳✻❚ ❡♥❞✲❤♦sts ❛r❡ ❛❜❧❡ t♦ ❞✉♣❧✐❝❛t❡ ❛♥❞ ❢♦r✇❛r❞ ❳✻❚ ♣❛❝❦❡ts✳ ❚❤❡ ❡♥❞✲❤♦st ✉s❡rs✱ ♦♥ t❤❡
♦t❤❡r ❤❛♥❞✱ ❞♦ ♥♦t ❦♥♦✇ ✇❤❡t❤❡r t❤❡r❡ ❛r❡ ❳❝❛st r♦✉t❡rs ♦♥ t❤❡ ♥❡t✇♦r❦ ♦r ♥♦t✳ ❍❡♥❝❡✱ ✐t
❝❛♥ ❤❛♣♣❡♥ t❤❛t t❤❡ ♣❛❝❦❡ts ❛r❡ ❢♦r✇❛r❞❡❞ t✇✐❝❡ ❜② t❤❡ ❡♥❞✲❤♦st ❛♥❞ ❜② t❤❡ ❳❝❛st r♦✉t❡r✳
❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ♦✈❡r❧❛② tr❡❡ r♦✉t✐♥❣ ❝❛♥ ❛❧s♦ ❜❡ ❜r♦❦❡♥ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❳❝❛st✲
❛✇❛r❡ r♦✉t❡rs ✭❛s s❤♦✇♥ ✐♥ t❤✐s ❡①❛♠♣❧❡ ✲ ❊ ❤❛s t♦ s❡♥❞ ❞❛t❛ t♦ ❋✮✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ❡①t❡♥❞ t❤❡
❢♦r✇❛r❞✐♥❣ ❛❧❣♦r✐t❤♠ ✐♥tr♦❞✉❝❡❞ ✐♥ ❬✻❪ ❢♦r ❳✻❚ ❡♥❞✲❤♦sts t♦ ❛✈♦✐❞ t❤❡s❡ ❦✐♥❞ ♦❢ ♣r♦❜❧❡♠s✳
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2. list_of_dests D[0…n]; bitmap[0…n];
3. outer_IP_src ← current host; outer_IP_dest ← null;
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6. for i ← 1  k 
7. find all hosts belong to the branch “i” of the current host;
8. new_bitmap ← bitmap;
9. 
				
		
10. forall j that host D[j] does not belong to branch “i”
11. new_bitmap[j] ← 0      
12. find “d” (nearest to the current host) that new_bitmap[d] == 1;
13. outer_IP_dest ← D[d];
14. forward packet with new_bitmap to host D[d];   
15. 
	
16. forall j that host D[j] belongs to branch “i”
17. bitmap[j] ← 0
 	
19. find “d” (nearest to the root) that bitmap[d] == 1;
20. outer_IP_dest ← D[d];
21. bitmap[d] ← 0;
22. forward the packet to D[d]
❋✐❣✉r❡ ✸✿ ❋♦r✇❛r❞✐♥❣ ❛❧❣♦r✐t❤♠ ❛t ❡♥❞✲❤♦st ❢♦r ❳✻❚
■◆❘■❆
❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ❢♦r ▲❛r❣❡ ▼✉❧t✐❝❛st ●r♦✉♣s ✼
❚❤❡ ❡①❛♠♣❧❡ ✐♥ ❋✐❣✉r❡ ✹ s❤♦✇s ❤♦✇ ❳✻❚ ✇♦r❦s ♦♥ ❛ ♥❡t✇♦r❦ ✇✐t❤ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❜♦t❤
♥♦r♠❛❧ ❛♥❞ ❳❝❛st✲❛✇❛r❡ r♦✉t❡rs✳ ❙✉♣♣♦s❡ t❤❛t t❤❡ s♦✉r❝❡ ❤♦st ✇♦✉❧❞ ❧✐❦❡ t♦ s❡♥❞ ❞❛t❛ t♦ ❛
❣r♦✉♣ ♦❢ r❡❝✐♣✐❡♥ts ❛s t❤❡ ♦✈❡r❧❛② tr❡❡ ✐♥ ❋✐❣✉r❡ ✷❜✳ ■♥ t❤✐s ❡①❛♠♣❧❡✱ ✇❡ ✉s❡ ❳✶✱ ❳✹ ❛♥❞ ❛❧❧
t❤❡ ❡♥❞✲❤♦sts ❛r❡ ❳❝❛st✲❛✇❛r❡❀ ❘✷✱ ❘✸ ❛♥❞ ❘✺ ❛r❡ ♥♦r♠❛❧ r♦✉t❡rs✳

X1
D
R2
R3
X4
R5
FC
E
GB
H
Packets created 
by X6T end-host
Packets created by 
Xcast-aware router
X6T packet header:
Destination list: B  C D E  F  G H
Bitmaps:      (a): 1  1  1  1  1  1  1
(b): 0  0  1  0  0  0  0  
(c): 1  1  0  1  1  1  1
(d): 0  1  0  1  1  0  0
(e): 0  1  0  0  0  0  0
(f):  0  0  0  1  1  0  0
(g): 0  0  0  0  1  0  0
(h): 0  0  0  0  0  1  1
(i):  0  0  0  0  0  0  1        
(b)
(a) (c)
(d)
(e)
(h) (i)
(f)
(g)
❋✐❣✉r❡ ✹✿ ❙♦✉r❝❡ ❙ s❡♥❞s ❞❛t❛ t♦ t❤❡ ❣r♦✉♣ ♦❢ ✭❇✱ ❈✱ ❉✱ ❊✱ ❋✱ ●✱ ❍✮ ✉s✐♥❣ ❳✻❚
❼ ❚❤❡ s♦✉r❝❡ ❙ s❡♥❞s ♣❛❝❦❡ts ✇✐t❤ t❤❡ ✏♦✉t❡r ■P✑ ❬sr❝ ❂ ❙✱ ❞❡st ❂ ❇❪✱ t❤❡ ❧✐st ♦❢ ❞❡st✐✲
♥❛t✐♦♥s ❛♥❞ t❤❡ ❜✐t♠❛♣ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳
❼ ❳✶ r❡❝❡✐✈❡s ❛♥ ❳✻❚ ♣❛❝❦❡t✱ ❧♦♦❦s ✉♣ ❛❧❧ t❤❡ ❞❡st✐♥❛t✐♦♥s ✐♥ ✐ts ✉♥✐❝❛st r♦✉t✐♥❣ t❛❜❧❡✳
❚❤❡♥✱ ❳✶ ❞✉♣❧✐❝❛t❡s✱ ❝❤❛♥❣❡s t❤❡ ❜✐t♠❛♣ ❛♥❞ ❢♦r✇❛r❞s ♦♥❡ ♣❛❝❦❡t t♦ ❉ ❛♥❞ t❤❡ ♦t❤❡r
♣❛❝❦❡t t♦ ❛ ❣r♦✉♣ ♦❢ ✭❇✱ ❈✱ ❊✱ ❋✱ ●✱ ❍✮ ✭t❤❡ ❞❡st✐♥❛t✐♦♥s ✐♥ t❤❡ ♦✉t❡r ■P ♦❢ t❤❡ t✇♦
♣❛❝❦❡ts ❛r❡ ❉ ❛♥❞ ❇✱ r❡s♣❡❝t✐✈❡❧②✮✳
❼ ❚❤❡ r♦✉t❡r ❘✷ t❤❡♥ ❤❛♥❞❧❡s t❤❡ ✐♥❝♦♠✐♥❣ ♣❛❝❦❡t ❛s ♥♦r♠❛❧ ✉♥✐❝❛st ♣❛❝❦❡t ❛♥❞ ❢♦r✇❛r❞s
✐t t♦ ❇ ✲ t❤❡ ❞❡st✐♥❛t✐♦♥ ✐♥ t❤❡ ♦✉t❡r ■P ♦❢ t❤❡ ♣❛❝❦❡t✳
❼ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ♦✈❡r❧❛② tr❡❡✱ ❇ ❤❛s t✇♦ ❜r❛♥❝❤❡s✱ t❤❡♥ ✐t ❢♦r✇❛r❞s ♦♥❡ ♣❛❝❦❡t t♦ ❛
❣r♦✉♣ ♦❢ ✭❈✱ ❊✱ ❋✮ ✭❈ ✐s t❤❡ ❞❡st✐♥❛t✐♦♥ ✐♥ t❤❡ ♦✉t❡r ■P✮✳ ❙✐♠✐❧❛r❧②✱ ❇ s❡♥❞s ❛♥♦t❤❡r
♣❛❝❦❡t t♦ ❛ ❣r♦✉♣ ♦❢ ✭❉✱ ●✱ ❍✮✳ ❇❡❝❛✉s❡ t❤❡ ❜✐t♠❛♣ ♦❢ ❉ ✇❛s s❡t t♦ ③❡r♦ ❜② r♦✉t❡r ❳✶
✐♥ t❤❡ ♣r❡✈✐♦✉s st❡♣✱ ❇ ✇✐❧❧ ❢♦r✇❛r❞ t❤✐s ♣❛❝❦❡t ✇✐t❤ t❤❡ ♦✉t❡r ■P ❞❡st✐♥❛t✐♦♥ ✐s ●✳
❼ ❙✐♠✐❧❛r❧②✱ r♦✉t❡r ❘✸✱ ❳✹✱ ❘✺ ❛♥❞ ❡♥❞✲❤♦st ● ❤❛♥❞❧❡ t❤❡ ✐♥❝♦♠✐♥❣ ♣❛❝❦❡t ❛s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✹✳
❘❘ ♥➦ ✼✼✽✹
✽ ▼♦✉❧✐❡r❛❝ ✫ P❤❛♥ ✫ ❚❤♦❛✐ ✫ ❚r❛♥
❼ ❍♦st ❊ ❤❛s ♥♦ ❝❤✐❧❞ ✐♥ t❤❡ ♦✈❡r❧❛② tr❡❡✱ ❤♦✇❡✈❡r✱ t❤❛♥❦s t♦ t❤❡ ❢♦r✇❛r❞✐♥❣ ❛❧❣♦r✐t❤♠
✭❋✐❣✉r❡ ✸ ✲ ❧✐♥❡ ✶✾✲✷✷✮ ✱ ❊ st✐❧❧ ❢♦r✇❛r❞s t❤❡ ♣❛❝❦❡t t♦ ❋ t♦ ❣✉❛r❛♥t❡❡ ❞❛t❛ t♦ r❡❛❝❤ ❛❧❧
t❤❡ r❡❝❡✐✈❡rs✳
❋r♦♠ t❤✐s ❡①❛♠♣❧❡✱ ✇❡ ❝❛♥ s❡❡ s♦♠❡ ❦❡② ❛❞✈❛♥t❛❣❡s ♦❢ ❳✻❚✿
❼ ■♥ ❳✻❚✱ ❡♥❞✲❤♦st ✉s❡rs ❞♦ ♥♦t ❝❛r❡ ❛❜♦✉t t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❳❝❛st✲❛✇❛r❡ r♦✉t❡rs✳ ■t ✐s
♥♦t❡✇♦rt❤② t❤❛t ❤♦✇ t♦ ❜✉✐❧❞ ❛ ❣♦♦❞ ♦✈❡r❧❛② tr❡❡ ✐s t❤❡ ✇♦r❦ ♦❢ ❛♥ ❆▲▼ ❛❧❣♦r✐t❤♠ ❛♥❞
✐t ✐s ✐♥❞❡♣❡♥❞❡♥t ❢r♦♠ ❤♦✇ ❳✻❚ ✇♦r❦s ❛t t❤❡ ♥❡t✇♦r❦ ❧❛②❡r✳ ❋r♦♠ t❤❡ ❛❜♦✈❡ ❡①❛♠♣❧❡✱
✇❡ ❝❛♥ s❡❡ t❤❛t ✇✐t❤ s♦♠❡ ❳❝❛st✲❛✇❛r❡ r♦✉t❡rs✱ ❳✻❚ ❝❛♥ r❡❞✉❝❡ tr❛✣❝ r❡❞✉♥❞❛♥❝② ❛♥❞
✐♠♣r♦✈❡ ❡♥❞✲t♦✲❡♥❞ ❞❡❧❛② ❡✈❡♥ ✇❤❡♥ ✇❡ ✉s❡ ❛ ♥♦t✲s♦✲❣♦♦❞ ♦✈❡r❧❛② tr❡❡✳ ❊✈❡♥t✉❛❧❧②✱
✇❤❡♥ ❛❧❧ t❤❡ r♦✉t❡rs ❛r❡ ✉♣❣r❛❞❡❞ t♦ ❳❝❛st✲❛✇❛r❡✱ t❤❡ ♦✈❡r❧❛② tr❡❡ ✐s ♥♦t ✉s❡❞ ❛♥②♠♦r❡
❜❡❝❛✉s❡ ❞❛t❛ ✐s tr❛♥s❢❡r❡❞ t♦t❛❧❧② ✐♥ ♥❡t✇♦r❦ ❧❛②❡r ♠✉❧t✐❝❛st ✐♥ ✇❤✐❝❤ r♦✉t❡rs ❝♦♣② ❛♥❞
❢♦r✇❛r❞ t❤❡ ♣❛❝❦❡ts✳
❼ ❯♥❧✐❦❡ ■P ♠✉❧t✐❝❛st✱ ❳❝❛st✲❛✇❛r❡ r♦✉t❡rs ❞♦ ♥♦t ♥❡❡❞ t♦ st♦r❡ ❛♥② ❛❞❞✐t✐♦♥❛❧ ♠✉❧t✐❝❛st
❢♦r✇❛r❞✐♥❣ st❛t❡s ❜❡❝❛✉s❡ ❛❧❧ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✐s ✐♥ t❤❡ ♣❛❝❦❡t ❤❡❛❞❡r✳ ❆s ❛ r❡s✉❧t✱ ❳✻❚
s❝❛❧❡s ✈❡r② ✇❡❧❧ ✇✐t❤ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❝♦♥❝✉rr❡♥t❧② ❛❝t✐✈❡ ♠✉❧t✐❝❛st ❣r♦✉♣s✳
❍♦✇❡✈❡r✱ ❧✐❦❡ ❳❝❛st✻✱ ❳✻❚ ✐s ❞❡s✐❣♥❡❞ ❢♦r s♠❛❧❧ ❣r♦✉♣s ❜❡❝❛✉s❡ ❡❛❝❤ ♣❛❝❦❡t ♠❛② ✐♥❝❧✉❞❡ ❛
s♠❛❧❧ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥ ❛❞❞r❡ss❡s✳ ❆s t❤❡ ♦✈❡r❧❛② tr❡❡ ✐♥ ❋✐❣✉r❡ ✺✱ t❤❡ s♦✉r❝❡ ❙ ❤❛s
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❋✐❣✉r❡ ✺✿ ◆✉♠❜❡r ♦❢ ❤♦sts ✐♥ ❛ ❳✻❚ s❡ss✐♦♥
N = 3 ❜r❛♥❝❤❡s✱ ❤❡♥❝❡ ❙ ✇✐❧❧ s❡♥❞ t❤r❡❡ ♣❛❝❦❡ts ❡❛❝❤ ✇✐t❤ t❤❡ ❧✐st ♦❢ ❞❡st✐♥❛t✐♦♥s ❛♥❞ t❤❡
❝♦rr❡s♣♦♥❞✐♥❣ tr❡❡♠❛♣✿ ❬❆ ❇ ❈ ❉❀ ✷ ✵ ✶ ✵❪✱ ❬❉ ❊ ❋❀ ✷ ✵ ✵❪ ❛♥❞ ❬● ❍ ■ ❏❀ ✸ ✵ ✵ ✵❪✳ ❋♦r t❤❡
❝✉rr❡♥t ✐♠♣❧❡♠❡♥t❛t✐♦♥✱ ❳✻❚ ❝❛♥ ✐♥❝❧✉❞❡ ❛t ♠♦st ✻✹ ❞❡st✐♥❛t✐♦♥ ■P ❛❞❞r❡ss❡s ✐♥ ❛ ♣❛❝❦❡t
❤❡❛❞❡r✱ t❤✉s ❳✻❚ ❝❛♥ s✉♣♣♦rt ✉♣ t♦ (64 ∗ N) ❤♦sts ✐♥ ❛ ♠✉❧t✐❝❛st s❡ss✐♦♥✳ ❍♦✇❡✈❡r✱ ❢♦r
❛♣♣❧✐❝❛t✐♦♥s ❧✐❦❡ ✈✐❞❡♦ str❡❛♠✐♥❣ ♦r ✈✐❞❡♦ ❝♦♥❢❡r❡♥❝✐♥❣✱ t❤❡ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s ❛❞❞❡❞
■◆❘■❆
❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ❢♦r ▲❛r❣❡ ▼✉❧t✐❝❛st ●r♦✉♣s ✾
t♦ t❤❡ ♣❛❝❦❡t ❤❡❛❞❡r ✐s ❧❡ss t❤❛♥ ✻✹ ✭♥♦r♠❛❧❧② ❛r♦✉♥❞ ✶✵✮ s♦ t❤❛t t❤❡r❡ ✐s ♠♦r❡ s♣❛❝❡
❢♦r t❤❡ ♣❛②❧♦❛❞ ✐♥ t❤❡ ♣❛❝❦❡t✳ ▼♦r❡♦✈❡r✱ t❤❡ ✈❛❧✉❡ ♦❢ N ✐s s❡❧❡❝t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ✉♣❧♦❛❞
❝❛♣❛❝✐t② ♦❢ t❤❡ s♦✉r❝❡ ❛♥❞ ✐t ✐s ✉s✉❛❧❧② s♠❛❧❧✳ ❋♦r ❡①❛♠♣❧❡✿ ✐❢ t❤❡ s♦✉r❝❡ ❤❛s ✶✳✺ ▼❜♣s
✉♣❧♦❛❞ ❝❛♣❛❝✐t② ❛♥❞ ✐t ♥❡❡❞s t♦ ❞✐ss❡♠✐♥❛t❡ ❛ ✈✐❞❡♦ str❡❛♠ ❛t ✵✳✺ ▼❜♣s✱ t❤❡♥ N ✐s s❡t t♦ ✸
❜r❛♥❝❤❡s✳ ❚❤❡r❡❢♦r❡✱ ✐♥ ❣❡♥❡r❛❧✱ ❳✻❚ ❝❛♥ s✉♣♣♦rt ♠✉❧t✐❝❛st s❡ss✐♦♥ ✇✐t❤ s♠❛❧❧ s✐③❡✳ ❚❤✐s ✐s
t❤❡ ♠♦t✐✈❛t✐♦♥ ♦❢ ♦✉r r❡s❡❛r❝❤ t♦ ♣r♦♣♦s❡ ❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ✭❳✻❚✐✮ t♦ s✉♣♣♦rt ❧❛r❣❡
♠✉❧t✐❝❛st ❣r♦✉♣s✳
✸ ❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s
❲❡ ❞✐✈✐❞❡ t❤❡ ❧❛r❣❡ ♠✉❧t✐❝❛st ❣r♦✉♣ ✐♥t♦ ❳❝❛st✻ ✐s❧❛♥❞s ❛♥❞ ❝♦♥♥❡❝t t❤❡♠ ✉s✐♥❣ t❤❡ ❆▲▼
❛♣♣r♦❛❝❤✳ ❲❡ ❝❛❧❧ t❤✐s ♠♦❞❡❧ ✐s ❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ✭❳✻❚✐✮ ❛♥❞ ✐t ✇♦r❦s ❢✉❧❧② ♦♥
❛♣♣❧✐❝❛t✐♦♥ ❧❛②❡r✳ ❍♦✇❡✈❡r✱ ❧✐❦❡ ❳✻❚✱ ✐t ✇✐❧❧ ❛✉t♦♠❛t✐❝❛❧❧② s✇✐t❝❤ t♦ ✇♦r❦ ✐♥ t❤❡ ♥❡t✇♦r❦
❧❛②❡r ♠✉❧t✐❝❛st ✇❤❡r❡✈❡r ❳❝❛st✲❛✇❛r❡ r♦✉t❡rs ❛r❡ ❞❡♣❧♦②❡❞✳ ❙♦✱ ❢r♦♠ ♥♦✇ ♦♥✱ ✇✐t❤♦✉t ❧♦ss ♦❢
❣❡♥❡r❛❧✐t② ❛♥❞ ❢♦r s✐♠♣❧✐❝✐t② ♦❢ ♣r❡s❡♥t❛t✐♦♥✱ ✇❡ ✇✐❧❧ ❞❡s❝r✐❜❡ t❤❡ ♠♦❞❡❧ ✇✐t❤♦✉t ♠❡♥t✐♦♥✐♥❣
t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ r♦✉t❡r✳ ❲❡ ❞♦ ♥♦t ❝❤❛♥❣❡ t❤❡ ❢♦r♠❛t ♦❢ t❤❡ ❳✻❚ ♣❛❝❦❡t✱ t❤❡ ♦♥❧② ❝❤❛♥❣❡
❢♦r ✉s✐♥❣ ❳✻❚✐ ✐s t❤❛t ❛ ♥❡✇ ❦✐♥❞ ♦❢ ♥♦❞❡ ✲ ❳✻❚✐ s✉❜✲r♦♦t ✐s ✉s❡❞✳ ■♥ s❤♦rt✱ ✇❡ ❞❡✜♥❡ t❤r❡❡
t②♣❡s ♦❢ ♥♦❞❡ ❝❛❧❧❡❞ ❳✻❚✐ r♦♦t✱ ❳✻❚✐ ❝❧✐❡♥t ❛♥❞ ❳✻❚✐ s✉❜✲r♦♦t ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳
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❋✐❣✉r❡ ✻✿ ❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ❢♦r ❧❛r❣❡ ♠✉❧t✐❝❛st ❣r♦✉♣
❘❘ ♥➦ ✼✼✽✹
✶✵ ▼♦✉❧✐❡r❛❝ ✫ P❤❛♥ ✫ ❚❤♦❛✐ ✫ ❚r❛♥
❼ ✏❳✻❚✐ r♦♦t✑ ✐s t❤❡ s♦✉r❝❡ s❡♥❞✐♥❣ ❞❛t❛ t♦ ❛ ♠✉❧t✐❝❛st ❣r♦✉♣✳
❼ ✏❳✻❚✐ ❝❧✐❡♥t✑✿ ❛❢t❡r r❡❝❡✐✈✐♥❣ ❛♥ ❳✻❚ ♣❛❝❦❡t✱ ❳✻❚✐ ❝❧✐❡♥t ❡①❡❝✉t❡s t❤❡ ❢♦r✇❛r❞✐♥❣
❛❧❣♦r✐t❤♠ ✭❋✐❣✉r❡ ✸✮ t♦ ❢♦r✇❛r❞ t❤❡ ♣❛❝❦❡t t♦ ♥❡①t ❤♦sts ✭✐❢ ❛♥②✮ ❛t ❦❡r♥❡❧ ❧❡✈❡❧✳
❼ ✏❳✻❚✐ s✉❜✲r♦♦t✑ ✐s ❡①t❡♥❞❡❞ ❢r♦♠ t❤❡ ❳✻❚✐ ❝❧✐❡♥t✳ ▲✐❦❡ ❳✻❚✐ ❝❧✐❡♥t✱ ❳✻❚✐ s✉❜✲r♦♦t
❡①❡❝✉t❡s ❢♦r✇❛r❞✐♥❣ t❛s❦ ❜❛s❡❞ ♦♥ t❤❡ r♦✉t✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ✐♥ t❤❡ ♣❛❝❦❡t ❤❡❛❞❡r✳ ■♥
❛❞❞✐t✐♦♥✱ ❳✻❚✐ s✉❜✲r♦♦ts ❛r❡ ✐♥ ❝❤❛r❣❡ ♦❢ ❢♦r✇❛r❞✐♥❣ ❞❛t❛ t♦ t❤❡✐r ♦✇♥ ✐s❧❛♥❞s✱ t❤✉s
t❤❡② ♥❡❡❞ t♦ ❝r❡❛t❡ ❛♥❞ s❡♥❞ ❛ ♥❡✇ ❳✻❚ ♣❛❝❦❡t ✇✐t❤ t❤❡ s❛♠❡ ♣❛②❧♦❛❞✱ ✐ts ♦✇♥ ❧✐st ♦❢
❝❧✐❡♥ts ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♦✈❡r❧❛② tr❡❡✳ ❋♦r ❡①❛♠♣❧❡ ✐♥ ❋✐❣✉r❡ ✻✱ ✇❤❡♥ D r❡❝❡✐✈❡s
❛ ♣❛❝❦❡t ❢r♦♠ C✱ ❜❛s❡❞ ♦♥ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ✐♥ t❤❡ ♣❛❝❦❡t ❤❡❛❞❡r✱ D ✇✐❧❧ ❢♦r✇❛r❞ t❤❡
♣❛❝❦❡t t♦ t❤❡ ❣r♦✉♣ ♦❢ ✭d1✱ d2✮✳ ■♥ ❛❞❞✐t✐♦♥✱ ❜❡❝❛✉s❡D ✐s ❛ s✉❜✲r♦♦t✱ ✐t t❤❡♥ ❝r❡❛t❡s ❛♥❞
❢♦r✇❛r❞s t❤❡ ♣❛❝❦❡t ✇✐t❤ ❛ ♥❡✇ ❧✐st ♦❢ ❞❡st✐♥❛t✐♦♥s ✭d3✱ d4✱ d5✮ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
tr❡❡♠❛♣ ✭✷✱ ✵✱ ✵✮✳
❆s ❛♥❛❧②③❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✱ t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ✉s❡rs t❤❛t ❳✻❚ ❝❛♥ s✉♣♣♦rt
✐s (N ∗ 64) ✇❤❡r❡ N ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❜r❛♥❝❤❡s ❛t t❤❡ s♦✉r❝❡ ❤♦st✳ ❋♦r ❳✻❚✐✱ ✇❡ ❝♦♥♥❡❝t
t❤❡ ✐s❧❛♥❞s t♦❣❡t❤❡r ✉s✐♥❣ ❳✻❚✐ s✉❜✲r♦♦t✱ t❤❡r❡❢♦r❡ t❤❡ s✐③❡ ♦❢ t❤❡ ♠✉❧t✐❝❛st ❣r♦✉♣ ❝❛♥ ❜❡
✐♥❝r❡❛s❡❞ ♠✉❝❤ ♠♦r❡✳ ❋♦r ❡①❛♠♣❧❡✿ ✐♥ ❋✐❣✉r❡ ✻✱ ✇✐t❤ t❤r❡❡ ❳✻❚✐ s✉❜✲r♦♦ts✱ ✇❡ ❝❛♥ ❛❞❞
t❤r❡❡ ♠♦r❡ ✐s❧❛♥❞s ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ♠❡♠❜❡rs ❝❛♥ ❜❡ ✐♥❝r❡❛s❡❞ t♦ ✭N ∗64+3∗64✮ ✭❛ss✉♠✐♥❣
t❤❛t ❡❛❝❤ ❳✻❚✐ s✉❜✲r♦♦t s❡r✈❡s ♦♥❧② ♦♥❡ ✐s❧❛♥❞ ✐♥ t❤✐s ❡①❛♠♣❧❡✮✳ ❚❤❡ ♣r♦❜❧❡♠ ♦❢ ✉s✐♥❣ t❤✐s
❳✻❚✐ ♠♦❞❡❧ ✐s ❤♦✇ t♦ ❝♦♥str✉❝t ❛ s✉✐t❛❜❧❡ ♦✈❡r❧❛② tr❡❡✱ ♦r ✐♥ ♦t❤❡r ✇♦r❞s✱ ✇❡ ♥❡❡❞ t♦ ❜✉✐❧❞
t❤❡ ♦✈❡r❧❛② tr❡❡ t♦ ❝♦♥♥❡❝t ❝❧✐❡♥ts ✐♥ ❡❛❝❤ ✐s❧❛♥❞ ❛♥❞ t♦ ❝♦♥♥❡❝t ♠❛♥② ✐s❧❛♥❞s t♦ ❢♦r♠ ❛ ❧❛r❣❡
♠✉❧t✐❝❛st tr❡❡ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳ ❚❤❛♥❦s t♦ t❤❡ r❡s✉❧ts ♦❢ ❆▲▼ st✉❞✐❡s ✭s✉♠♠❛r✐③❡❞ ✐♥
♣❛rt ❜② ❬✶✶❪✮✱ ✇❡ ❝❛♥ ❛❞❛♣t ❛♥ ❡①✐st✐♥❣ ❆▲▼ ♣r♦t♦❝♦❧ ♦r ✐♥✈❡♥t ❛ ♥❡✇ ♦♥❡ t❤❛t ✜ts ✇✐t❤ t❤❡
❳✻❚✐ ♠♦❞❡❧✳
❳✻❚✐ ♠♦❞❡❧ ❝❛♥ ❜❡ ❞❡✈❡❧♦♣❡❞ ❧✐❦❡ ❛ ♥♦r♠❛❧ ❆▲▼ ♣r♦t♦❝♦❧ ✇❤❡r❡ s♦♠❡ ❳✻❚✐ ❝❧✐❡♥ts ❛r❡
s❡t t♦ ❜❡ ❳✻❚✐ s✉❜✲r♦♦t ✇❤❡♥ ♥❡❡❞❡❞ ✭❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✮✳ ■♥ t❤✐s ♣❛♣❡r✱ ❢♦r ❡✣❝✐❡♥t
♠❡❞✐❛ str❡❛♠✐♥❣ ✐♥ ❧❛r❣❡ ♠✉❧t✐❝❛st ❣r♦✉♣✱ ✇❡ ❝♦♥s✐❞❡r ❛ t✇♦✲t✐❡r ✐♥❢r❛str✉❝t✉r❡ ✭♦r ♣r♦①②
♦✈❡r❧❛② ♠✉❧t✐❝❛st✮ ❧✐❦❡ t❤❡ ♠♦❞❡❧ ✐♥ ❬✶✷❪ ❬✶✸❪ ✭❋✐❣✉r❡ ✼✮✳ ❲❡ ❜✉✐❧❞ ❛ ❜❛❝❦❜♦♥❡ ♦✈❡r❧❛② tr❡❡
t♦ ❝♦♥♥❡❝t t❤❡ r♦♦t ❛♥❞ ❳✻❚✐ s✉❜✲r♦♦ts t♦❣❡t❤❡r✳ ❚❤❡ ❳✻❚✐ s✉❜✲r♦♦ts ❛r❡ r❡s♣♦♥s✐❜❧❡ ❢♦r
❢♦r✇❛r❞✐♥❣ ❞❛t❛ t♦ t❤❡✐r ❳✻❚✐ ❝❧✐❡♥ts✳ ■♥ t❤✐s ♠♦❞❡❧✱ t❤❡ ❳✻❚✐ s✉❜✲r♦♦ts ❛r❡ st❛❜❧❡ ❤♦sts
✇✐t❤ ❤✐❣❤ ❜❛♥❞✇✐❞t❤ ❝❛♣❛❝✐t② t♦ ❢♦r♠ ❛ ❜❛❝❦❜♦♥❡ s♣❛♥♥✐♥❣ tr❡❡ r♦♦t❡❞ ❛t t❤❡ s♦✉r❝❡✳ ❚❤❡r❡
❝♦✉❧❞ ❜❡ ♠♦r❡ ❳✻❚✐ s✉❜✲r♦♦ts ✐♥ ❡❛❝❤ ✐s❧❛♥❞ t♦ s❡r✈❡ ♠❛♥② ❳✻❚✐ ❝❧✐❡♥ts✳ ❍♦✇❡✈❡r✱ ❳✻❚✐
s✉❜✲r♦♦t ❝❛♥ ❝❤♦♦s❡ ❛♥ ❳✻❚✐ ❝❧✐❡♥t ✇❤✐❝❤ ❤❛s ❛✈❛✐❧❛❜❧❡ ❜❛♥❞✇✐❞t❤ t♦ ✇♦r❦ ❧✐❦❡ ❛♥ ❳✻❚✐
s✉❜✲r♦♦t ✐❢ ♥❡❡❞❡❞✳ ❋♦r ❡①❛♠♣❧❡✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✱ ✏e1✑ ❢♦r✇❛r❞s ❞❛t❛ t♦ ✐ts ❝❤✐❧❞r❡♥
✭✏e2✑✱ ✏e3✑✮ ✐♥ t❤❡ ✐s❧❛♥❞ r♦♦t❡❞ ❛t ✏❊✑✳ ■♥ ❛❞❞✐t✐♦♥✱ ✏e1✑ ✐s ❛ss✐❣♥❡❞ t♦ ✇♦r❦ ❛s ❛ s✉❜✲r♦♦t
t♦ ❢♦r✇❛r❞ ❞❛t❛ t♦ ❛♥♦t❤❡r ✐s❧❛♥❞ ✭✏e4✑✱ ✏e5✑✱ ✏e6✑✮✳ ■♥ t❤❡ ♥❡①t s✉❜s❡❝t✐♦♥✱ ✇❡ ✐❞❡♥t✐❢② t❤❡
✐♠♣♦rt❛♥t ♦❜❥❡❝t✐✈❡s t♦ ❜✉✐❧❞ ❛ s✉✐t❛❜❧❡ ♦✈❡r❧❛② tr❡❡ ❛♥❞ ♣r♦♣♦s❡ ❛ ♠♦❞❡❧✐♥❣ ♦❢ t❤❡ ♣r♦❜❧❡♠✳
■◆❘■❆
❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ❢♦r ▲❛r❣❡ ▼✉❧t✐❝❛st ●r♦✉♣s ✶✶
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❋✐❣✉r❡ ✼✿ ❚✇♦✲t✐❡r ✐♥❢r❛str✉❝t✉r❡ ❢♦r ❧❛r❣❡✲s❝❛❧❡ ♠❡❞✐❛ str❡❛♠✐♥❣
✹ Pr♦❜❧❡♠ ❢♦r♠✉❧❛t✐♦♥
❲❡ ♠♦❞❡❧ ♦✉r ♥❡t✇♦r❦ ❛s t❤❡ t✇♦✲t✐❡r ❝♦♠♣❧❡t❡ ❣r❛♣❤✿
G1 = (V1, E1) ❛♥❞ G
i
2
= (V i
2
, Ei
2
)
✇❤❡r❡ V1 ✐s ❛ s❡t ♦❢ ❳✻❚✐ s✉❜✲r♦♦ts ❛♥❞ t❤❡ s♦✉r❝❡❀ E1 = V1 × V1 ✐s ❛ s❡t ♦❢ ❡❞❣❡s
❝♦♥♥❡❝t✐♥❣ t❤❡♠✳ ❚❤❡ ❡❞❣❡s ❛r❡ ❧❛❜❡❧❡❞ ✇✐t❤ t❤❡ ❡♥❞✲t♦✲❡♥❞ ❞❡❧❛② ❜❡t✇❡❡♥ t❤❡ t✇♦ ❡♥❞✲
❤♦sts✳ V i
2
✐s t❤❡ s❡t ♦❢ ❳✻❚✐ s✉❜✲r♦♦ts ❛♥❞ ❳✻❚✐ ❝❧✐❡♥ts ✐♥ t❤❡ s❛♠❡ ✏✐s❧❛♥❞ ✐✑ ❛♥❞ Ei
2
= V i
2
×V i
2
✐s ❛ s❡t ♦❢ ❡❞❣❡s ❝♦♥♥❡❝t✐♥❣ t❤❡♠ t♦❣❡t❤❡r✳ ❖✉r ♦❜❥❡❝t✐✈❡s ❛r❡ t♦ ❜✉✐❧❞ ❛♥ ❡✣❝✐❡♥t ♦✈❡r❧❛②
tr❡❡ t♦ ♠❡❡t t❤❡ r❡s♦✉r❝❡ ❛♥❞ ❧❛t❡♥❝② ❝♦♥str❛✐♥ts✿ ❡❛❝❤ ♥♦❞❡ ❤❛s ❡♥♦✉❣❤ ❛✈❛✐❧❛❜❧❡ ❜❛♥❞✇✐❞t❤
t♦ ❢♦r✇❛r❞ ♠❡❞✐❛ str❡❛♠ ❛♥❞ ❛❧♦♥❣ ✇✐t❤ t❤✐s✱ ❡♥❞✲t♦✲❡♥❞ ❞❡❧❛② ❝♦♥str❛✐♥t ✐s ❛❧s♦ ✐♠♣♦rt❛♥t
t♦ ❣✉❛r❛♥t❡❡ q✉❛❧✐t② ♦❢ s❡r✈✐❝❡✳
❈♦♥s✐❞❡r ❛ ♠✉❧t✐❝❛st s❡ss✐♦♥ ✐♥ ✇❤✐❝❤ t❤❡ s♦✉r❝❡ ✐♥❥❡❝ts ❛ str❡❛♠ ❛t t❤❡ r❛t❡ ♦❢ B✭❑❜♣s✮✳
❋♦r s✐♠♣❧✐❝✐t②✱ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡ ❝❛♣❛❝✐t② ♦❢ ❛♥② ✐♥❝♦♠✐♥❣ ❛❝❝❡ss ❧✐♥❦ ♦❢ ❡✈❡r② ♥♦❞❡ ✐s ♥♦
❧❡ss t❤❛♥ B✭❑❜♣s✮✳ ▲❡t t❤❡ ♦✉t❣♦✐♥❣ ❛❝❝❡ss ❧✐♥❦ ❝❛♣❛❝✐t② ♦❢ ❛ ♥♦❞❡ i ✭❳✻❚✐ s✉❜✲r♦♦t ♦r ❝❧✐❡♥t✮
❜❡ bi✱ t❤❡♥ t❤✐s ♥♦❞❡ ❝❛♥ s❡♥❞ ❞❛t❛ t♦ ❛t ♠♦st si = ⌊bi/B⌋ ❞✐r❡❝t ❝❤✐❧❞r❡♥✳ ❚❤✐s ✐s t❤❡
♦✉t✲❞❡❣r❡❡ ❜♦✉♥❞ ♦❢ ♥♦❞❡ i ✐♥ t❤❡ ♦✈❡r❧❛② tr❡❡✳ ❋♦r ♦✉r ♠♦❞❡❧✱ t❤❡ ❜❛❝❦❜♦♥❡ s❤♦✉❧❞ ❝♦♥s✐st
♦❢ ❛ s♠❛❧❧ ♥✉♠❜❡r ♦❢ ❤✐❣❤ ❜❛♥❞✇✐❞t❤ ❛♥❞ st❛❜❧❡ ❝♦♠♣✉t❡rs ✭♥♦t ❥♦✐♥✴❧❡❛✈❡ ❢r❡q✉❡♥t❧②✮ ✇❤✐❧❡
✐♥ ✐s❧❛♥❞s✱ t❤❡r❡ ✐s ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❡♥❞✲❤♦sts ✇✐t❤ ❧✐♠✐t❡❞ ❜❛♥❞✇✐❞t❤ ❛♥❞ ❝❛♥ ❞②♥❛♠✐❝❛❧❧②
❥♦✐♥✴❧❡❛✈❡✳ ❚❤✉s✱ ✇❡ ❝♦♥s✐❞❡r t❤❡ t✇♦ ♦❜❥❡❝t✐✈❡s ❢♦r t❤❡ t✇♦ t✐❡rs ✭t❤❡ ❜❛❝❦❜♦♥❡ ❛♥❞ t❤❡
✐s❧❛♥❞✮ t♦ s❛t✐s❢② t❤❡✐r r❡q✉✐r❡♠❡♥ts✿
❘❘ ♥➦ ✼✼✽✹
✶✷ ▼♦✉❧✐❡r❛❝ ✫ P❤❛♥ ✫ ❚❤♦❛✐ ✫ ❚r❛♥
✹✳✶ ❖❜❥❡❝t✐✈❡ ❢♦r t❤❡ ❇❛❝❦❜♦♥❡ G1 ✲ ▼✐♥✐♠✐③❡ ❲❡✐❣❤t ❖✈❡r❧❛② ▲❛✲
t❡♥❝②✱ ❉❡❣r❡❡✲❜♦✉♥❞❡❞ ❙♣❛♥♥✐♥❣ ❚r❡❡
■♥ ♦✉r ♠♦❞❡❧✱ ✇❡ ♥❡❡❞ t♦ ❜✉✐❧❞ ❛♥ ♦✈❡r❧❛② tr❡❡ t♦ ❝♦♥♥❡❝t ❳✻❚✐ s✉❜✲r♦♦ts ❛s t❤❡ ❜❛❝❦❜♦♥❡
❢♦r ❞❡❧✐✈❡r✐♥❣ ♠❡❞✐❛ str❡❛♠✳ ◆♦t❡ t❤❛t ❳✻❚✐ s✉❜✲r♦♦ts ❛r❡ t❤❡ ❤✐❣❤ ❜❛♥❞✇✐❞t❤ ❛♥❞ r❡❧✐❛❜❧❡
♥♦❞❡s ❧♦❝❛t❡❞ ❢❛r ❢r♦♠ ❡❛❝❤ ♦t❤❡r ♦♥ t❤❡ ■♥t❡r♥❡t✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ♠✐♥✐♠✐③❡ t❤❡
❡♥❞✲t♦✲❡♥❞ ❧❛t❡♥❝② ✇❤✐❧❡ r❡s♣❡❝t✐♥❣ t❤❡ ♦✉t✲❞❡❣r❡❡ ❝♦♥str❛✐♥t ❛t ❡❛❝❤ ♥♦❞❡✳ ▼♦r❡♦✈❡r✱ ❛♥
❳✻❚✐ s✉❜✲r♦♦t ❝❛♥ s❡♥❞ ♣✐♥❣ ♠❡ss❛❣❡s t♦ ♠❡❛s✉r❡ r♦✉♥❞ tr✐♣ ❞❡❧❛② t♦ t❤❡ ♦t❤❡rs✳ ❇❡❝❛✉s❡
t❤❡ ♥✉♠❜❡r ♦❢ ❳✻❚✐ s✉❜✲r♦♦t ✐s s♠❛❧❧✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❤❛✈❡ O(n2) ♠❡ss❛❣❡ ❡①❝❤❛♥❣❡s t♦
❝♦♠♣✉t❡ t❤❡ ❞❡❧❛② ❢♦r ❛❧❧ ♣❛✐r ♦❢ ❛♥② ❳✻❚✐ s✉❜✲r♦♦ts✳ ❲❡ ❞❡✜♥❡ mi ❜❡ t❤❡ ♥✉♠❜❡r ♦❢
❝✉rr❡♥t ❳✻❚✐ ❝❧✐❡♥ts t❤❛t ❛r❡ s❡r✈❡❞ ❜② t❤❡ ❳✻❚✐ s✉❜✲r♦♦ts i ✐♥ Gi
2
✳ ❚❤❡♥ t❤❡ ♦❜❥❡❝t✐✈❡
❝❛♥ ❜❡ tr❛♥s❧❛t❡❞ t♦ ♠✐♥✐♠✐③❡ t❤❡ ✇❡✐❣❤t❡❞ s✉♠ ♦❢ t❤❡ ❡♥❞✲t♦✲❡♥❞ ❧❛t❡♥❝✐❡s ♦❢ ❛❧❧ ❳✻❚✐
s✉❜✲r♦♦ts✿ min(
∑
i∈V1
miLi) ✇❤❡r❡ Li ❞❡♥♦t❡s t❤❡ ❛❝❝✉♠✉❧❛t❡❞ ♦✈❡r❧❛② ❞❡❧❛② ❢r♦♠ t❤❡ r♦♦t
t♦ t❤❡ ❳✻❚✐ s✉❜✲r♦♦t i✳ ❚❤❡ r❡❛s♦♥ ✇❡ ✇♦✉❧❞ ❧✐❦❡ t♦ ♠✐♥✐♠✐③❡ t❤❡ ✏✇❡✐❣❤t✑ ♦✈❡r❧❛② ❧❛t❡♥❝②
✐s t❤❛t ✐t ❣✐✈❡s ♠♦r❡ ♣r✐♦r✐t② ❢♦r t❤❡ ❳✻❚✐ s✉❜✲r♦♦t ✇❤✐❝❤ ❤❛s ♠❛♥② ❝❧✐❡♥ts t♦ r❡❞✉❝❡ ✐ts
❧❛t❡♥❝②✳ ▲❡t✬s ❝♦♥s✐❞❡r t❤❡ ❡①❛♠♣❧❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✽✿ ❛ss✉♠❡ t❤❛t t❤❡r❡ ❛r❡ ♦♥❡ r♦♦t ♥♦❞❡
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❋✐❣✉r❡ ✽✿ ❊①❛♠♣❧❡ ♦❢ t❤❡ ♦❜❥❡❝t✐✈❡ ❢♦r t❤❡ ❜❛❝❦❜♦♥❡ G1
✭♥♦❞❡ ❙✮ ❛♥❞ t❤r❡❡ ❳✻❚✐ s✉❜✲r♦♦ts ✭♥♦❞❡ ❇✱ ❈ ❛♥❞ ❉✮✳ ▲❡t t❤❡ ♦✉t✲❞❡❣r❡❡ ❜♦✉♥❞ ❛♥❞ t❤❡
✇❡✐❣❤t ✭♥✉♠❜❡r ♦❢ ❝❧✐❡♥ts✮ ♦❢ ❡❛❝❤ ♥♦❞❡ ❛r❡✿ sS = 2✱ sB = 1✱ sC = 1✱ sD = 1 ❛♥❞ mS = 0✱
mB = 5✱ mC = 20✱ mD = 10✳ ❲❡ ❛❧s♦ ❤❛✈❡ t❤❡ ❡♥❞✲t♦✲❡♥❞ ❞❡❧❛② ♦❢ ❡❛❝❤ ♣❛✐r ♦❢ ♥♦❞❡s✿
dSB = 10ms✱ dSC = 10ms✱ dSD = 15ms✱ dBC = 50ms✱ dBD = 10ms ❛♥❞ dCD = 50ms✳
■◆❘■❆
❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ❢♦r ▲❛r❣❡ ▼✉❧t✐❝❛st ●r♦✉♣s ✶✸
❋♦r s✐♠♣❧✐❝✐t②✱ ❧❡t✬s ❝♦♥s✐❞❡r dij = dji✳ ❚♦ ❛❝❤✐❡✈❡ t❤❡ ♦❜❥❡❝t✐✈❡✱ t❤❡ ❜❛❝❦❜♦♥❡ ♦✈❡r❧❛② tr❡❡
s❤♦✉❧❞ ❜❡ ❧✐❦❡ ❋✐❣✳ ✾❛ s✐♥❝❡ t❤❡ ♠✐♥✐♠✉♠ ❝♦st
∑
i∈V1
miLi = 5 ∗ 10 + 20 ∗ 10 + 10 ∗ 20 = 450✳
❍♦✇❡✈❡r✱ ✇❤❡♥ ♥❡✇ ❝❧✐❡♥ts ❥♦✐♥ t❤❡ ✐s❧❛♥❞ ❝♦♥♥❡❝t❡❞ t♦ ♥♦❞❡ ❉ t♦ r❡❛❝❤ mD = 20✱ t❤❡♥ t❤❡
tr❡❡ s❤♦✉❧❞ ❝❤❛♥❣❡ t♦ ❋✐❣✉r❡ ✾❜✳
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❋✐❣✉r❡ ✾✿ ❚❤❡ ❜❛❝❦❜♦♥❡ ♦✈❡r❧❛② tr❡❡
❚❤❡ ♦❜❥❡❝t✐✈❡ ❢♦r t❤❡ ❜❛❝❦❜♦♥❡ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❛s ❢♦❧❧♦✇s✿
Pr♦❜❧❡♠ ✇✐t❤ ✐♥♣✉t✿ G1 = (V1, E1)✿ ❛ ❝♦♠♣❧❡t❡ ❣r❛♣❤ ❢♦r t❤❡ ❜❛❝❦❜♦♥❡ ♦❢ ❳✻❚✐ r♦♦t ✭♥♦❞❡
✵✮ ❛♥❞ s✉❜✲r♦♦ts✳
∀i ∈ V1, si ✐s t❤❡ ♦✉t✲❞❡❣r❡❡ ❝♦♥str❛✐♥t ♦❢ ♥♦❞❡ i
∀(i, j) ∈ E1, dij ✐s ❞❡❧❛② ❜❡t✇❡❡♥ t❤❡ ♣❛✐r ♦❢ ♥♦❞❡ ✭✐✱❥✮
mi ✐s t❤❡ ✇❡✐❣❤t ✭♥✉♠❜❡r ♦❢ ❝❤✐❧❞r❡♥✮ ♦❢ ♥♦❞❡ i✳
❖✉t♣✉t✿ ❛♥ ♦✈❡r❧❛② tr❡❡ r♦♦t❡❞ ❛t 0 ❝♦✈❡r✐♥❣ V1 ❛♥❞ r❡s♣❡❝t✐♥❣ t❤❡ ❞❡❣r❡❡ ❝♦♥str❛✐♥t ❢♦r
❡❛❝❤ ♥♦❞❡✳
❖❜❥❡❝t✐✈❡✿ ♠✐♥✐♠✐③❡ t❤❡ ✇❡✐❣❤t ♦✈❡r❧❛② ❧❛t❡♥❝②
∑
i∈V1
miLi ❢♦r t❤❡ s♣❛♥♥✐♥❣ tr❡❡✳
❚❤✐s ♣r♦❜❧❡♠ ✐s ◆P✲❝♦♠♣❧❡t❡ ❡✈❡♥ ✐♥ ❛ ❝♦♠♣❧❡t❡ ❣r❛♣❤✳ ■♥ ❢❛❝t✱ ✐t ✐s s✐♠✐❧❛r t♦ t❤❡
♣r♦❜❧❡♠ ✏❉❡❣r❡❡✲❝♦♥str❛✐♥❡❞ ♠✐♥✐♠✉♠ ♦✈❡r❛❧❧ ❧❛t❡♥❝② s♣❛♥♥✐♥❣ tr❡❡✑ ❬✶✹❪✳ ■♥ t❤✐s ♣❛♣❡r✱ ✇❡
❢♦r♠✉❧❛t❡ t❤❡ ♣r♦❜❧❡♠ ✉s✐♥❣ ✐♥t❡❣❡r ❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣ ✭■▲P✮ ❛♥❞ ❛❧s♦ ♣r♦♣♦s❡ ❛ s✐♠♣❧❡
❤❡✉r✐st✐❝ t♦ ✜♥❞ t❤❡ s♦❧✉t✐♦♥✿
❱❛r✐❛❜❧❡✿ ❇✐♥❛r② ✈❛r✐❛❜❧❡ ✭xij✮ ❞❡♥♦t❡s ✇❤❡t❤❡r t❤❡ ❧✐♥❦ (i, j) ✐s ✐♥ t❤❡ ♦❜❥❡❝t✐✈❡ s♣❛♥♥✐♥❣
tr❡❡ ♦r ♥♦t✳ ■♥t❡❣❡r ✈❛r✐❛❜❧❡ ✭Li✮ ✐s t❤❡ ♦✈❡r❧❛② ❞❡❧❛② ❢r♦♠ t❤❡ s♦✉r❝❡ ✭♥♦❞❡ ✵✮ t♦ ♥♦❞❡ i✳
❘❘ ♥➦ ✼✼✽✹
✶✹ ▼♦✉❧✐❡r❛❝ ✫ P❤❛♥ ✫ ❚❤♦❛✐ ✫ ❚r❛♥
♠✐♥✐♠✐③❡
∑
i∈V1
miLi
s✉❜❥❡❝t t♦✿
✏❉❡❣r❡❡ ❝♦♥str❛✐♥t✑✿∑
j∈V1
xij ≤ si ∀ i ∈ V1 , i 6= j✱ ✭✶✮
✏❙♣❛♥♥✐♥❣ tr❡❡✑✿∑
i∈V1
xij = 1 j ∈ V1, j 6= i ❛♥❞ j 6= 0✱ ✭✷✮
✏❉❡❧❛②✑✿
Lt =
∑
ij
f0tij dij +
∑
ij
f0tji dji ∀(i, j) ∈ E1, t ∈ V1, t 6= 0 ✭✸✮
✏❋❧♦✇ ❝♦♥s❡r✈❛t✐♦♥ ❝♦♥str❛✐♥t✑✿∑
t
f0tij − δxij ≤ 0 ∀(i, j) ∈ E1, t ∈ V1, t 6= 0 ✭✹✮
∑
j
f0tij −
∑
j
f0tji =


1 ✐❢ ✐ ❂ ✵
−1 ✐❢ ✐ ❂ t
0 ♦t❤❡r✇✐s❡
∀(i, j) ∈ E1, i ∈ V1, j ∈ neighbor(i), t ∈ V1, t 6= 0
✭✺✮
❈♦♥str❛✐♥t ✭✶✮ ❡♥s✉r❡s t❤❛t ❡❛❝❤ ♥♦❞❡ ❞♦❡s ♥♦t ❡①❝❡❡❞ t❤❡ ♦✉t✲❞❡❣r❡❡ ❝♦♥str❛✐♥t✳ ❈♦♥str❛✐♥t
✭✷✮ r❡q✉✐r❡s t❤❛t ❛❧❧ ♥♦❞❡s ♠✉st ❜❡ ❝♦♥♥❡❝t❡❞ ❛s ❛ s♣❛♥♥✐♥❣ tr❡❡✳ ❈♦♥str❛✐♥t ✭✸✮ ❝♦♠♣✉t❡s
t❤❡ ❛❝❝✉♠✉❧❛t❡ ❞❡❧❛② ❢r♦♠ t❤❡ r♦♦t t♦ ♥♦❞❡ t✳ ✭✹✮ ❛♥❞ ✭✺✮ ❛r❡ ✢♦✇ ❝♦♥str❛✐♥ts✱ ✇❤❡r❡ δ ✐s ❛
❜✐❣ ♥✉♠❜❡r t♦ ❣✉❛r❛♥t❡❡ ✐❢ ❧✐♥❦ ✭✐✱❥✮ ✐s ♥♦t ✐♥ t❤❡ s♣❛♥♥✐♥❣ tr❡❡✱ t❤❡♥
∑
t
f0tij = 0✳
❍♦✇❡✈❡r✱ t❤❡ ■▲P✬s ❝♦♠♣✉t❛t✐♦♥ t✐♠❡ ❢♦r ♠❡❞✐✉♠ ♦r ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❳✻❚✐ s✉❜✲r♦♦ts
✐s ❛ ❝♦♥❝❡r♥ ✭s❡❡ s❡❝t✐♦♥ ✺✱ ✐t t❛❦❡s ❛r♦✉♥❞ ✷✺✵✭s✮ t♦ ✜♥❞ t❤❡ ♦♣t✐♠❛❧ s♦❧✉t✐♦♥ ❢♦r ✻✵ s✉❜✲
r♦♦ts ✇✐t❤ t❤❡ ♦✉t✲❞❡❣r❡❡ ✐♥ ✭✹✲✽✮✮✳ ❚♦ r❡❞✉❝❡ t❤❡ ❝♦♠♣✉t❛t✐♦♥ t✐♠❡✱ ✇❡ ❝❛♥ ✉s❡ ❛ ❤❡✉r✐st✐❝
❛❧❣♦r✐t❤♠ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✵✳
✹✳✷ ❖❜❥❡❝t✐✈❡ ❢♦r ■s❧❛♥❞s Gi
2
✲ ▼✐♥✐♠✉♠ ❉❡♣t❤ P❛r❡♥t ❙❡❧❡❝t✐♦♥
❚❤❡ ♥✉♠❜❡r ♦❢ ❝❧✐❡♥ts ✐♥ ✐s❧❛♥❞ ✐s ❧❛r❣❡ ❛♥❞ t❤❡② ❝❛♥ ❞②♥❛♠✐❝❛❧❧② ❥♦✐♥✴❧❡❛✈❡✳ ❍❡♥❝❡✱ ✐t ✐s ♥♦t
♣♦ss✐❜❧❡ t♦ ❤❛✈❡ O(n2) ♠❡ss❛❣❡ ❡①❝❤❛♥❣❡s t♦ ♠❡❛s✉r❡ ❞❡❧❛② ❜❡t✇❡❡♥ ❡❛❝❤ ♣❛✐r ♦❢ ❝❧✐❡♥ts ❧✐❦❡
t❤❡ ♦❜❥❡❝t✐✈❡ ❢♦r G1✳ ❍♦✇❡✈❡r✱ ❧✐❦❡ ♣r♦①✐❡❞ ♦✈❡r❧❛② ♠✉❧t✐❝❛st ❬✶✸❪✱ ✇❡ ❝❛♥ s✉♣♣♦s❡ t❤❛t t❤❡
❝❧✐❡♥ts ✭✉s❡rs✮ ❝❛♥ ✜♥❞ t❤❡ ❝❧♦s❡st ❳✻❚✐ s✉❜✲r♦♦ts ❛♥❞ t❤✉s ♥❛t✉r❛❧❧② ❢♦r♠ ❝❧✉st❡rs ❛r♦✉♥❞
t❤❡ s✉❜✲r♦♦t ✇✐t❤♦✉t ❝♦♠♣❧✐❝❛t❡❞ ♠❡❛s✉r❡♠❡♥t t❡❝❤♥✐q✉❡s ♦r ❝❧✉st❡r✐♥❣ ❛❧❣♦r✐t❤♠s✳ ❙♦✱ t❤❡
♦❜❥❡❝t✐✈❡ ❢♦r ✐s❧❛♥❞s ❢♦❝✉s❡s ♦♥ t✇♦ ♠❛✐♥ r❡q✉✐r❡♠❡♥ts✿ ✭✐✮ t❤❡ ❝♦♥str✉❝t❡❞ ♦✈❡r❧❛② tr❡❡ ❤❛s
❡♥♦✉❣❤ r❡s♦✉r❝❡s t♦ ❝♦♥♥❡❝t ♠✉❧t✐♣❧❡ ❝❧✐❡♥ts ❛♥❞ ✭✐✐✮ ❛ st❛❜❧❡ ♦✈❡r❧❛② tr❡❡ ♠✉st ❜❡ ♠❛✐♥t❛✐♥❡❞
✐♥ ❛ ❞②♥❛♠✐❝ ❣r♦✉♣✳ ❚❤❛♥❦s t♦ t❤❡ r❡s✉❧ts ✐♥ ❬✶✺❪❬✶✻❪✱ ✇❡ ❝❛♥ ❜✉✐❧❞ ❛♥ ♦✈❡r❧❛② tr❡❡ ✇✐t❤
t❤❡ str❛t❡❣② ✏♠✐♥✐♠✉♠ ❞❡♣t❤ ♣❛r❡♥t s❡❧❡❝t✐♦♥✑ t♦ ❛❝❤✐❡✈❡ ❣♦♦❞ st❛❜✐❧✐t②✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ✐s
s✐♠♣❧❡✿ ✇❤❡♥ ❛ ♥❡✇ ❤♦st ❥♦✐♥s✱ t❤❡♥ ❢r♦♠ ❛♠♦♥❣ ❛❧❧ ♣❛r❡♥ts t❤❛t t❤❡ ♥❡✇ ❤♦st ✐s ✏❡❧✐❣✐❜❧❡✑ t♦
❜❡❝♦♠❡ ❛ ❝❤✐❧❞✱ t❤❡ ❳✻❚✐ s✉❜✲r♦♦t ✇✐❧❧ s❡❧❡❝t t❤❡ ♦♥❡ ✇✐t❤ ♠✐♥✐♠✉♠ ❞❡♣t❤ ✐♥ t❤❡ s♣❛♥♥✐♥❣
■◆❘■❆
❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ❢♦r ▲❛r❣❡ ▼✉❧t✐❝❛st ●r♦✉♣s ✶✺
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❋✐❣✉r❡ ✶✵✿ ❍❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠ ❢♦r t❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ t❤❡ ❜❛❝❦❜♦♥❡
tr❡❡✳ ❚❤❡ ♥❡✇ ❤♦st ✐s ✏❡❧✐❣✐❜❧❡✑ t♦ ❜❡❝♦♠❡ ❛ ❝❤✐❧❞ ♦❢ ❛♥ ❡①✐st✐♥❣ ❤♦st ✐❢ t❤✐s ❤♦st ❤❛s ❛✈❛✐❧❛❜❧❡
❜❛♥❞✇✐❞t❤ ♦r ✐❢ ♦♥❡ ♦❢ ✐ts ❝❤✐❧❞r❡♥ ❤❛s ❧♦✇❡r ♦✉t✲❞❡❣r❡❡ t❤❛♥ t❤❡ ♥❡✇ ❤♦st✳ ■♥ t❤❡ ❧❛tt❡r
❝❛s❡✱ t❤❡ ❝❤✐❧❞ ❤♦st ✇✐❧❧ ❜❡ ♣r❡❡♠♣t❡❞ ♦r ❞✐s♣❧❛❝❡❞ ❜② t❤❡ ♥❡✇ ❥♦✐♥✐♥❣ ❤♦st✳ ❚❤✐s ❛❧❣♦r✐t❤♠
❤❛s ❜❡❡♥ ❡✈❛❧✉❛t❡❞ ✇✐t❤ r❡❛❧✲✇♦r❧❞ tr❛❝❡ t♦ s❤♦✇ ❜❡tt❡r ♣❡r❢♦r♠❛♥❝❡ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤
♦t❤❡r str❛t❡❣✐❡s ❬✶✺❪❬✶✻❪✳
✹✳✸ ❏♦✐♥ ❛♥❞ ❧❡❛✈❡ ♣r♦❝❡❞✉r❡
✹✳✸✳✶ ❏♦✐♥
❼ ✏❳✻❚✐ s✉❜✲r♦♦t✑ ♥❡❡❞s t♦ s❡♥❞ ❥♦✐♥ r❡q✉❡st ✇✐t❤ ✐ts ❛✈❛✐❧❛❜❧❡ ❜❛♥❞✇✐❞t❤ ❛♥❞ ❧❛t❡♥❝②
t♦ t❤❡ r♦♦t ♥♦❞❡✳ ❲❤✐❧❡ t❤❡ ♠♦st ❛❝❝✉r❛t❡ ♠❡t❤♦❞ t♦ ❝♦❧❧❡❝t ❜❛♥❞✇✐❞t❤ ❛♥❞ ❞❡❧❛② r❡✲
q✉✐r❡s s✐❣♥✐✜❝❛♥t t✐♠❡ ❛♥❞ r❡s♦✉r❝❡s✱ ❞②♥❛♠✐❝❛❧❧② ♠♦♥✐t♦r✐♥❣ t❤❡ ❛✈❛✐❧❛❜❧❡ ❜❛♥❞✇✐❞t❤
❝❛♥ ❜❡ ❞♦♥❡ ❜② ❛ ♥✉♠❜❡r ♦❢ t❡❝❤♥✐q✉❡s ❬✶✼❪ ❬✶✻❪✳ ■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡r❡
❡①✐sts ❛ ♠❡❝❤❛♥✐s♠ t♦ ❝♦❧❧❡❝t t❤❡ ♦✉t✲❞❡❣r❡❡ ❝♦♥str❛✐♥t ❛♥❞ ❡♥❞✲t♦✲❡♥❞ ❞❡❧❛②✳
❚♦ ♣r❡✈❡♥t ❧♦♥❣ ❞❡❧❛② ♦♥ ❥♦✐♥✐♥❣ ♣r♦❝❡ss✱ t❤❡ r♦♦t ♥♦❞❡ ✇✐❧❧ t❡♠♣♦r❛r✐❧② ❛❞❞ t❤❡ ♥❡✇
❳✻❚✐ s✉❜✲r♦♦t t♦ ❛♥ ❡①✐st✐♥❣ ♥♦❞❡ t❤❛t ❤❛s ❛✈❛✐❧❛❜❧❡ ❜❛♥❞✇✐❞t❤ ✐♥ t❤❡ ♦✈❡r❧❛② tr❡❡✳
❇❡❝❛✉s❡ t❤❡ s✉❜✲r♦♦ts ❛r❡ ♠♦r❡ st❛❜❧❡✱ ✇❡ s✉❣❣❡st t❤❛t t❤❡ r♦♦t ♥♦❞❡ ✇✐❧❧ ❧❛✉♥❝❤ t❤❡
✐♥t❡❣❡r ❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣ ✭♦r t❤❡ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠✮ ❡✈❡r② ♣❡r✐♦❞ ♦❢ t✐♠❡ ✭❧❡t✬s s❛②
✷✵ ♠✐♥✉t❡s✱ ♠♦r❡ ♦r ❧❡ss ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ r❡❛❧ s❝❡♥❛r✐♦✮✳ ❆♥♦t❤❡r ✐♠♣♦rt❛♥t t❤✐♥❣ ✐s
t❤❛t ✇❡ ✉s❡ ❳✻❚ t♦ ❞❡❧✐✈❡r ♣❛❝❦❡ts ❢r♦♠ t❤❡ r♦♦t t♦ ❳✻❚✐ s✉❜✲r♦♦ts✳ ■♥ ❝❛s❡ t❤❛t ❛
♥❡✇ ❳✻❚✐ s✉❜✲r♦♦t ❥♦✐♥s ❛♥❞ t❤❡ r♦♦t ❝❛♥♥♦t ❛❞❞ ♠♦r❡ ❞❡st✐♥❛t✐♦♥s ✐♥t♦ t❤❡ ♣❛❝❦❡t
❤❡❛❞❡r ✭❡✳❣✳ t❤❡ ♥✉♠❜❡r ♦❢ s✉❜✲r♦♦ts ✐s ❡①❝❡❡❞❡❞ ✻✹✮✱ t❤❡ r♦♦t ❝❛♥ ❛ss✐❣♥ ❛♥ ❡①✐st✐♥❣
❳✻❚✐ s✉❜✲r♦♦t t♦ tr❡❛t t❤❡ ♥❡✇ ❳✻❚✐ s✉❜✲r♦♦t ❛s ✐ts ❳✻❚✐ ❝❧✐❡♥t✳ ❲❡ ❝❛♥ t❤✐♥❦ t❤✐s
❛s ❛ ✏♥✲t✐❡r✑ ✐♥❢r❛str✉❝t✉r❡✳
❘❘ ♥➦ ✼✼✽✹
✶✻ ▼♦✉❧✐❡r❛❝ ✫ P❤❛♥ ✫ ❚❤♦❛✐ ✫ ❚r❛♥
❼ ✏❳✻❚✐ ❝❧✐❡♥t✑✿ ❆ ♥❡✇ ❝❧✐❡♥t s❤♦✉❧❞ ❝♦♥t❛❝t ❛ r❡♥❞❡③✈♦✉s ♣♦✐♥t t♦ ❣❡t ❛ ♥❡❛r❜② ❳✻❚✐
s✉❜✲r♦♦t ❛❞❞r❡ss✳ ❚❤✐s ❝❧✐❡♥t t❤❡♥ s❡♥❞s ❥♦✐♥ r❡q✉❡st t♦ t❤❡ ❝❧♦s❡st ❳✻❚✐ s✉❜✲r♦♦t✳ ■❢
t❤✐s ❳✻❚✐ s✉❜✲r♦♦t ❤❛s ♥♦t ❥♦✐♥❡❞ t❤❡ ❜❛❝❦❜♦♥❡ ♦✈❡r❧❛② tr❡❡✱ ✐t s❤♦✉❧❞ ❥♦✐♥ ♥♦✇✳ ❚❤❡
❳✻❚✐ s✉❜✲r♦♦t t❤❡♥ ❛♣♣❧✐❡s t❤❡ ♠✐♥✐♠✉♠ ❞❡♣t❤ ♣❛r❡♥t s❡❧❡❝t✐♦♥ ❛❧❣♦r✐t❤♠ t♦ ❛❞❞ t❤❡
♥❡✇ ♥♦❞❡ t♦ t❤❡ s♣❛♥♥✐♥❣ tr❡❡✳ ◆♦t❡ t❤❛t✱ ✐t ✐s s✐♠✐❧❛r t♦ t❤❡ ❝❛s❡ ❳✻❚✐ s✉❜✲r♦♦ts✱ ❛♥
❡①✐st✐♥❣ ❳✻❚✐ ❝❧✐❡♥t ❝❛♥ ❜❡ ❛ss✐❣♥❡❞ t♦ ✇♦r❦ ❧✐❦❡ t❤❡ ❳✻❚✐ s✉❜✲r♦♦t ✇❤❡♥ t❤❡ ❝✉rr❡♥t
❳✻❚✐ s✉❜✲r♦♦t ❝❛♥♥♦t ❛❞❞ ♠♦r❡ ❞❡st✐♥❛t✐♦♥s t♦ t❤❡ ♣❛❝❦❡t ❤❡❛❞❡r✳
✹✳✸✳✷ ▲❡❛✈❡
❼ ✏❳✻❚✐ s✉❜✲r♦♦t✑✿ ❳✻❚✐ s✉❜✲r♦♦ts ❛r❡ s♣❡❝✐❛❧ ❤♦sts✱ t❤❡r❡❢♦r❡ ✐t ✐s ❡①♣❡❝t❡❞ t❤❛t t❤❡✐r
❢❛✐❧✉r❡s ❛r❡ r❛r❡ ❛♥❞ ✉s✉❛❧❧②✱ t❤❡ ❳✻❚✐ s✉❜✲r♦♦t ✇✐❧❧ s❡♥❞ ❛ ♠❡ss❛❣❡ ❜❡❢♦r❡ ❧❡❛✈✐♥❣ t❤❡
s❡ss✐♦♥✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❘❊❋❘❊❙❍ ♠❡ss❛❣❡ ✐s ♣❡r✐♦❞✐❝❛❧❧② ❡①❝❤❛♥❣❡❞ ❜❡t✇❡❡♥
❳✻❚✐ s✉❜✲r♦♦ts✱ ❤❡♥❝❡ ♥♦❞❡ ❢❛✐❧✉r❡ ❝❛♥ ❜❡ ❞❡t❡❝t❡❞ ❜② ♥♦t✐❝✐♥❣ ♠✐ss✐♥❣ ❘❊❋❘❊❙❍
♠❡ss❛❣❡✳ ❚♦ r❡♣❛✐r t❤❡ tr❡❡✱ t❤❡ r♦♦t r❡✲❡①❡❝✉t❡s t❤❡ ✐♥t❡❣❡r ❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣ ✭♦r
t❤❡ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠✮ ✇✐t❤ t❤❡ r❡♠❛✐♥✐♥❣ ♥♦❞❡s t♦ ✜♥❞ t❤❡ ♥❡✇ ❜❛❝❦❜♦♥❡ ♦✈❡r❧❛②
tr❡❡✳ ❋♦r ❳✻❚✐ ❝❧✐❡♥ts ✐♥ t❤❡ ❧❡❛✈✐♥❣ ❳✻❚✐ s✉❜✲r♦♦t✬s ❣r♦✉♣✱ t❤❡② ♥❡❡❞ t♦ ❝♦♥t❛❝t t❤❡
r❡♥❞❡③✈♦✉s t♦ ✜♥❞ ♦t❤❡r ♥❡❛r❜② ❳✻❚✐ s✉❜✲r♦♦t ❛♥❞ r❡✲❥♦✐♥✳
❼ ✏❳✻❚✐ ❝❧✐❡♥t✑✿ ✐t ✐s s✐♠✐❧❛r t♦ t❤❡ ❝❛s❡ ♦❢ ❳✻❚✐ s✉❜✲r♦♦t✱ ❢❛✐❧✉r❡ ✐s ❞❡t❡❝t❡❞ ❜② ❘❊✲
❋❘❊❙❍ ♦r ❧❡❛✈✐♥❣ ♠❡ss❛❣❡✳ ❆❢t❡r ❞✐s❝♦✈❡r✐♥❣ ❛♥ ❳✻❚✐ ❝❧✐❡♥t ❧❡❛✈✐♥❣✱ t❤❡ ❳✻❚✐ s✉❜✲
r♦♦t ✜♥❞ ♥❡✇ ♠✐♥✐♠✉♠ ❞❡♣t❤ ♣❛r❡♥ts ❢♦r t❤❡ ❞❡s❝❡♥❞❛♥ts ♦❢ t❤❡ ❞❡♣❛rt✐♥❣ ❤♦sts✳
✺ P❡r❢♦r♠❛♥❝❡ ❡✈❛❧✉❛t✐♦♥
✺✳✶ ❊✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❖❜❥❡❝t✐✈❡ ❢♦r t❤❡ ❇❛❝❦❜♦♥❡
❲❡ ✉s❡ ❛ ❝♦♠♣✉t❡r ■♥t❡❧✭❘✮ ❈♦r❡✭❚▼✮✷ ❉✉♦ ❈P❯ ❊✻✺✺✵ ✷✳✸✸●❍③✱ ✸●❇ ♠❡♠♦r② t♦ ❧❛✉♥❝❤
❈P▲❊❳ ❬✶✽❪ ❛♥❞ ✜♥❞ t❤❡ ♦♣t✐♠❛❧ ✈❛❧✉❡ ❢♦r t❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ t❤❡ ❜❛❝❦❜♦♥❡✳ ❋♦r ❡❛❝❤ t❡st✱ ✇❡
❝r❡❛t❡ ❛ ❝♦♠♣❧❡t❡ ❣r❛♣❤ ✐♥ ✇❤✐❝❤ ❡❛❝❤ ♥♦❞❡ ✐s r❛♥❞♦♠❧② ❛ss✐❣♥❡❞ ❛ ❞❡❣r❡❡ ✐♥ ❜❡t✇❡❡♥ ✭✶✱ ✹✮
❛♥❞ ✭✹✱ ✽✮✳ ■♥ ❛❞❞✐t✐♦♥✱ ❞❡❧❛② ❜❡t✇❡❡♥ ❡❛❝❤ ♣❛✐r ✐s s❡❧❡❝t❡❞ r❛♥❞♦♠❧② ✐♥ r❛♥❣❡ ✭✶✵✱ ✹✵✮ ♠s❀
t❤❡ ✇❡✐❣❤t ♦❢ ❡❛❝❤ ♥♦❞❡ ✐s ✐♥ ❜❡t✇❡❡♥ ✶✵ ❛♥❞ ✶✵✵ ❝❤✐❧❞r❡♥✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✶✱ ✐t t❛❦❡s
❧♦♥❣❡r ❝♦♠♣✉t❛t✐♦♥ t✐♠❡ ❢♦r s♠❛❧❧❡r ❞❡❣r❡❡ ❝♦♥str❛✐♥t ❛♥❞ ✐♥ ❣❡♥❡r❛❧✱ ❧❡ss t❤❛♥ ✷✺✵✭s✮ t♦
✜♥❞ t❤❡ ♦♣t✐♠❛❧ ✈❛❧✉❡ ♦❢ ✉♣ t♦ ✻✵ ❳✻❚✐ s✉❜✲r♦♦ts ✐♥ ❝❛s❡ ♦❢ t❤❡ ❞❡❣r❡❡ ❝♦♥str❛✐♥t ✐♥ r❛♥❣❡
✭✹✱ ✽✮✳
❚❤❡ ❤❡✉r✐st✐❝ ✇♦r❦s ✇❡❧❧ ❛♥❞ ✐s ❝❧♦s❡ t♦ t❤❡ ♦♣t✐♠❛❧ ✈❛❧✉❡s ❣✐✈❡♥ ❜② t❤❡ ✐♥t❡❣❡r ❧✐♥❡❛r
♣r♦❣r❛♠♠✐♥❣ ✇❤❡♥ t❤❡ ♥✉♠❜❡r ♦❢ ♥♦❞❡s ✐s s♠❛❧❧✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✷✱ t❤❡ ❤❡✉r✐st✐❝
❛❧❣♦r✐t❤♠ ♣❡r❢♦r♠s ❜❡tt❡r ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❛ r❛♥❞♦♠ ❛❧❣♦r✐t❤♠ ✇❤❡r❡ t❤❡ tr❡❡ ✐s ❜✉✐❧t
✐♥ r❛♥❞♦♠✳ ■♥ t❤❡ ❤❡✉r✐st✐❝ ❛❧❣♦r✐t❤♠✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ s❡❧❡❝t ❛ ✏❣♦♦❞✑ ♥♦❞❡ ❢r♦♠ t❤❡
✏❝❛♥❞✐❞❛t❡❴❧✐st✑ t♦ ❜❡❝♦♠❡ t❤❡ ♣❛r❡♥t ♦❢ ♥❡✇ ♥♦❞❡s✳ ❆s ✇❡ ❝❛♥ s❡❡✱ ❢♦r s♠❛❧❧❡r ♦✉t✲❞❡❣r❡❡
❝♦♥str❛✐♥t ✭✶✲✹✮✱ t❤❡r❡ ✐s ❛ ❤✐❣❤ ♣♦ss✐❜✐❧✐t② ❢♦r s❡❧❡❝t✐♥❣ ❛ ♥♦❞❡ ✇✐t❤ s❤♦rt❡st ♣❛t❤ ❧❡♥❣t❤
❢r♦♠ t❤❡ r♦♦t ❜✉t ❤❛s s♠❛❧❧ ♦✉t✲❞❡❣r❡❡✳ ■t ♠❛❦❡s t❤❡ s♣❛♥♥✐♥❣ tr❡❡ t❛❧❧❡r t❤❛♥ t❤❡ ♦♣t✐♠❛❧
♦♥❡✱ t❤✉s ✐t ✐s ♥♦t ❝❧♦s❡ t♦ t❤❡ ♦♣t✐♠❛❧ ✈❛❧✉❡✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✷✱ ✇✐t❤ ✺✵ ♥♦❞❡s✱ t❤❡ r❛t✐♦
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❋✐❣✉r❡ ✶✷✿ ❘❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❤❡✉r✐st✐❝ ❛♥❞ ♦♣t✐♠❛❧ ♦❜❥❡❝t✐✈❡ ✈❛❧✉❡
❜❡t✇❡❡♥ t❤❡ ❤❡✉r✐st✐❝ ❛♥❞ t❤❡ ♦♣t✐♠❛❧ ✈❛❧✉❡ ✐s ✷ ✇❤❡♥ t❤❡ ♦✉t✲❞❡❣r❡❡ ✐s ✐♥ ✭✹✲✽✮✱ ♠❡❛♥✇❤✐❧❡
t❤✐s r❛t✐♦ ✈❛❧✉❡ ✐s ✸ ✐♥ ❝❛s❡ t❤❡ ♦✉t✲❞❡❣r❡❡ ✐s ✐♥ ✭✶✲✹✮✳
❘❘ ♥➦ ✼✼✽✹
✶✽ ▼♦✉❧✐❡r❛❝ ✫ P❤❛♥ ✫ ❚❤♦❛✐ ✫ ❚r❛♥
✺✳✷ ❊♥❞✲t♦✲❊♥❞ ❉❡❧❛② ❛♥❞ ❚r❛✣❝ str❡ss
■♥ t❤✐s s❡❝t✐♦♥✱ ✇❡ ❝♦♠♣❛r❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❳✻❚✐✱ ◆■❈❊ ✲ ♦♥❡ ♦❢ t❤❡ ❢❛♠♦✉s ❆▲▼
♣r♦t♦❝♦❧s ❬✾❪ ❛♥❞ ■P ♠✉❧t✐❝❛st ✉s✐♥❣ ◆❙✲✷ ❬✶✾❪ ❛♥❞ ❖✈❡rs✐♠ ❬✷✵❪✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ❧❛r❣❡
♥✉♠❜❡r ♦❢ ♠❡♠❜❡rs ✐♥ ♠✉❧t✐❝❛st s❡ss✐♦♥ ✭❢r♦♠ ✷✵✵ t♦ ✷✻✵✵✮✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❞♦ t❤❡s❡
s✐♠✉❧❛t✐♦♥s ✇✐t❤ ❳❝❛st✻ ♦r ❳✻❚✳ ❲❡ ✉s❡ t❤❡ ♥❡t✇♦r❦ t♦♣♦❧♦❣② ♦❢ ❋r❛♥❝❡ ✭❡①tr❛❝t❡❞ ❢r♦♠
❙◆❉▲✐❜ ❤tt♣✿✴✴s♥❞❧✐❜✳③✐❜✳❞❡✮ ✐♥❝❧✉❞✐♥❣ ✷✺ r♦✉t❡rs ✐♥ t❤❡ ❜❛❝❦❜♦♥❡✳ ❚❤❡s❡ r♦✉t❡rs ✇♦r❦ ❧✐❦❡
tr❛♥s✐t ❞♦♠❛✐♥ r♦✉t❡rs ❛♥❞ ❡❛❝❤ ♦❢ t❤❡♠ ❝♦♥♥❡❝ts t♦ ❛ s❡t ♦❢ st✉❜ ❞♦♠❛✐♥ r♦✉t❡rs✳ ■♥ t❤❡
s✐♠✉❧❛t✐♦♥✱ ✇❡ ✉s❡ ❛ s✐♥❣❧❡ s♦✉r❝❡ ❛♥❞ ✷✹ ❳✻❚✐ s✉❜✲r♦♦ts✱ ❡❛❝❤ ♦❢ t❤❡♠ ❝♦♥♥❡❝t t♦ ❛ ❜❛❝❦❜♦♥❡
r♦✉t❡r✳ ❊❛❝❤ s✉❜✲r♦♦t ♠❛♥❛❣❡s ❛ ♥✉♠❜❡r ♦❢ ✐s❧❛♥❞s ✇❤✐❝❤ ✐♥❝❧✉❞❡ ❡♥❞✲❤♦sts ✐♥ t❤❡ s❛♠❡
st✉❜ ❞♦♠❛✐♥ ✭❜❡❝❛✉s❡ ✇❡ ❛ss✉♠❡ t❤❛t ❝❧✐❡♥ts ✇✐❧❧ ❝♦♥♥❡❝t t♦ t❤❡ ❝❧♦s❡st s✉❜✲r♦♦t✮✳ ❚❤❡s❡
❡♥❞✲❤♦sts ❛r❡ ❛tt❛❝❤❡❞ t♦ st✉❜ r♦✉t❡rs ✉♥✐❢♦r♠❧② ❛t r❛♥❞♦♠✳ ❲❡ ✐♥❝r❡❛s❡ t❤❡ ♥✉♠❜❡r ♦❢
❡♥❞✲❤♦sts ✐♥ ❡❛❝❤ ✐s❧❛♥❞ ✉♥✐❢♦r♠❧② s♦ t❤❛t t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❤♦sts ✐♥ t❤❡ ♠✉❧t✐❝❛st s❡ss✐♦♥
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st❛t❡✳
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❛r❡ ❞❡❝r❡❛s✐♥❣ ❛♥❞ s❤♦rt❡r t❤❛♥ ◆■❈❊✳ ❋♦r ✐♥st❛♥❝❡✱ ❛t ❛ ❣r♦✉♣ s✐③❡ ♦❢ ✷✻✵✵✱ t❤❡ ❛✈❡r❛❣❡
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✶✹✵✳✶✱ ✶✵✼✳✶✱ ✾✺✳✻✱ ✽✾✳✸ ❛♥❞ ✼✺✳✼ ✭♠s✮✱ r❡s♣❡❝t✐✈❡❧②✳ ❆❣❛✐♥✱ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ✐♠♣r♦✈❡♠❡♥t ♦❢
❳✻❚✐ ✐s ❣❛✐♥❡❞ ✇✐t❤ t❤❡ s✉♣♣♦rt ❢r♦♠ ❳❝❛st r♦✉t❡rs✳
✺✳✷✳✷ ❆✈❡r❛❣❡ tr❛✣❝ str❡ss
✏❚r❛✣❝ str❡ss✑ ♦❢ ❛ ♣❤②s✐❝❛❧ ❧✐♥❦ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❞✉♣❧✐❝❛t❡ ♣❛❝❦❡ts t❤❡ ❧✐♥❦ ❤❛s t♦ ❝❛rr②
✇❤❡♥ ❛ ♣❛❝❦❡t ✐s ♠✉❧t✐❝❛st t♦ t❤❡ ❣r♦✉♣✳ ■P ♠✉❧t✐❝❛st ❤❛s tr❛✣❝ str❡ss ♦❢ ✶ ♦♥ ❛❧❧ ❧✐♥❦s✱
✇❤✐❧❡ ♦✈❡r❧❛② ♠✉❧t✐❝❛st ❤❛s t❤❡ str❡ss ❣r❡❛t❡r t❤❛♥ ✶✳ ❚❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✶✺
s❤♦✇ t❤❛t ❳✻❚✐ ♦✉t♣❡r❢♦r♠s ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ◆■❈❊ ❜❡❝❛✉s❡ ✇❡ ❝❛r❡❢✉❧❧② ❝♦♥♥❡❝t t❤❡
❳✻❚✐ s✉❜r♦♦ts t♦ t❤❡ tr❛♥s✐t ✭❜❛❝❦❜♦♥❡✮ r♦✉t❡rs✳ ❋♦r ✐♥st❛♥❝❡✱ ❛t ❛ ❣r♦✉♣ s✐③❡ ♦❢ ✷✻✵✵✱ t❤❡
❛✈❡r❛❣❡ tr❛✣❝ str❡ss ♦❢ ◆■❈❊✱ ❳✻❚✐✲✵✱ ❳✻❚✐✲✸✵✱ ❳✻❚✐✲✼✵✱ ❳✻❚✐✲✶✵✵ ❛♥❞ ■P ♠✉❧t✐❝❛st ❛r❡ ✷✳✹✱
✶✳✹✹✱ ✶✳✸✼✱ ✶✳✷✻✱ ✶✳✶✼ ❛♥❞ ✶✱ r❡s♣❡❝t✐✈❡❧②✳ ❈❧❡❛r❧②✱ ✇❤❡♥ ❳✻❚✐ s✇✐t❝❤❡s t♦ ✇♦r❦ ✐♥ ♥❡t✇♦r❦
❧❛②❡r ♠✉❧t✐❝❛st ✇✐t❤ t❤❡ s✉♣♣♦rt ❢r♦♠ ❳❝❛st✲❛✇❛r❡ r♦✉t❡rs✱ t❤❡ tr❛✣❝ str❡ss ✐s r❡❞✉❝✐♥❣✳
✺✳✸ ❋❛st r♦✉t❡ ❛❞❛♣t❛t✐♦♥
❲❡ s✐♠✉❧❛t❡ ❡♥❞✲❤♦st t♦ ❥♦✐♥✴❧❡❛✈❡ ✐♥ ❛♥ ❳❝❛st ✐s❧❛♥❞ ❛t t❤❡ t✐♠❡ ♦❢ ✽✵t❤ s❡❝♦♥❞ ❛♥❞ ✶✷✵t❤
s❡❝♦♥❞✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ r❡❝❡✐✈✐♥❣ r❛t❡ ♦❢ ❛♥ ❡①✐st✐♥❣ ❤♦st ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✻✱ ❋✐❣✉r❡ ✶✼
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❝❤❛♥❣❡s ✇❤✐❧❡ ✐♥ ❆▲▼❈❛st✱ t❤❡ s✉❜✲r♦♦t ♥❡❡❞s t♦ ❞✐ss❡♠✐♥❛t❡ t❤❡ ✉♣❞❛t❡❞ ♦✈❡r❧❛② tr❡❡ t♦
❛❧❧ r❡❝❡✐✈❡rs✳ ❆❝t✉❛❧❧②✱ ❆▲▼❈❛st ✐s tr❡❡✲❜❛s❡❞ ♣r♦t♦❝♦❧ ❛♥❞ t❤❡r❡ ✐s ♥♦ ♠❡❝❤❛♥✐s♠ t♦ r❡❞✉❝❡
t❤❡ ❝♦st ♦❢ tr❡❡ ♠❛✐♥t❡♥❛♥❝❡ ✭❡✳❣✳ ✉s✐♥❣ ♠❡s❤✲❜❛s❡❞ t♦ ❤❛✈❡ ❜❛❝❦✉♣ ❧✐♥❦s ✐♥ ❝❛s❡ ❢❛✐❧✉r❡ ♦❢
❤♦sts✮✳ ❚❤✐s ❡①♣❧❛✐♥s ✇❤② ❆▲▼❈❛st ♣❡r❢♦r♠s ♣♦♦r❧② ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❳✻❚✐✱ ❡s♣❡❝✐❛❧❧②
❛t ✶✷✵✭s✮ ✇❤❡♥ ❛♥ ❡♥❞✲❤♦st ❧❡❛✈❡s✱ t❤❡ t❤r♦✉❣❤♣✉t ♦❢ ✐ts ❝❤✐❧❞ ✐♥ ❆▲▼❈❛st ✐s ♠✉❝❤ r❡❞✉❝❡❞✳
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✇❤❡r❡ r♦✉t❡rs ♣❡r❢♦r♠ ❢♦r✇❛r❞✐♥❣ ❢✉♥❝t✐♦♥✳ ❚❤✐s ✐s ✇❤② t❤❡ r❡❝❡✐✈✐♥❣ r❛t❡ ♦❢ ❡♥❞✲❤♦st ✐s ♥♦t
❛✛❡❝t❡❞ ✇❤❡♥ ❡♥❞✲❤♦sts ❥♦✐♥✴❧❡❛✈❡ ✭❋✐❣✉r❡ ✶✽✮
■◆❘■❆
❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ❢♦r ▲❛r❣❡ ▼✉❧t✐❝❛st ●r♦✉♣s ✷✶
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❋✐❣✉r❡ ✶✽✿ ❚❤r♦✉❣❤♣✉t ♦❢ ❳✻❚✐ ✇✐t❤ ❳❝❛st r♦✉t❡rs
✻ ❉✐s❝✉ss✐♦♥
❚❤❡ t❛❜❧❡ ✐♥ ❋✐❣✉r❡ ✷✵ s❤♦✇s ❛ s✉♠♠❛r✐③❡❞ ❝♦♠♣❛r✐s♦♥ ♦❢ ❳✻❚✐ ❛♥❞ t❤❡ ❡①✐st✐♥❣ ♠✉❧t✐❝❛st
♣r♦t♦❝♦❧s✳ ❊❛❝❤ ♦❢ t❤❡ ❝r✐t❡r✐❛ ✐s ❡①♣❧❛✐♥❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✳
❘❘ ♥➦ ✼✼✽✹
✷✷ ▼♦✉❧✐❡r❛❝ ✫ P❤❛♥ ✫ ❚❤♦❛✐ ✫ ❚r❛♥
Medium - LargeSmallMedium - LargeLargeMulticast group size
HighHighHighLowState scalability
Medium - HighMedium - HighLowHighFast route adaptation
HighHighHighLowEase of deployment
Medium - HighMediumLow - MediumHighEfficiency in term of 
bandwidth/delay
X6TiXcast6ALMIP multicast
❋✐❣✉r❡ ✶✾✿ ❆ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❳✻❚✐ ❛♥❞ ♦t❤❡r ♠✉❧t✐❝❛st ♣r♦t♦❝♦❧s
✻✳✶ ❊✣❝✐❡♥❝② ✐♥ ❚❡r♠ ♦❢ ❇❛♥❞✇✐❞t❤✴❉❡❧❛②
❆▲▼ ❞✐str✐❜✉t❡s tr❛✣❝ str❡ss ❛t t❤❡ s♦✉r❝❡ t♦ ❛❧❧ t❤❡ ♦✈❡r❧❛② ❡♥❞✲❤♦sts✳ ❋♦r t❤✐s r❡❛s♦♥✱
❡♥❞✲t♦✲❡♥❞ ❞❡❧❛② ✐♥❝r❡❛s❡s✱ ❤❡♥❝❡ ✇❡ r❛♥❦ ❆▲▼ ❛t ❛ ❧❡✈❡❧ ♦❢ ✏❧♦✇ ✲ ♠❡❞✐✉♠✑ ✐♥ t❡r♠ ♦❢
❜❛♥❞✇✐❞t❤✴❞❡❧❛② ❡✣❝✐❡♥❝②✳ ❳❝❛st✻ ✇♦r❦s ✇❡❧❧ ✇✐t❤ t❤❡ s✉♣♣♦rt ♦❢ ❳❝❛st✲❛✇❛r❡ r♦✉t❡rs✱
♦t❤❡r✇✐s❡ ❞❛t❛ ❛r❡ ❢♦r✇❛r❞❡❞ ✐♥ ❛ ❞❛✐s②✲❝❤❛✐♥ ♦❢ ❡♥❞✲❤♦sts ✇❤✐❝❤ t❛❦❡s ❧♦♥❣ ❞❡❧❛② ❛♥❞ ♥♦
❣✉❛r❛♥t❡❡ ◗♦❙✳ ❳✻❚✐✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❛❦❡s t❤❡ ❛❞✈❛♥t❛❣❡s ♦❢ ❆▲▼ ♦♥ t❤❡ ♥❡t✇♦r❦ ✇✐t❤
s♣❛r❡ ♦r ♥♦ ❳❝❛st✲❛✇❛r❡ r♦✉t❡r✱ ♦t❤❡r✇✐s❡ ✐t ✇♦r❦s ✐♥ ♥❡t✇♦r❦ ❧❛②❡r ♠✉❧t✐❝❛st ✇✐t❤ ❤✐❣❤
❡✣❝✐❡♥❝② ✐♥ t❡r♠ ♦❢ ❜❛♥❞✇✐❞t❤✴❞❡❧❛② ❧✐❦❡ ■P ♠✉❧t✐❝❛st✳
✻✳✷ ❊❛s❡ ♦❢ ❉❡♣❧♦②♠❡♥t
❋♦❧❧♦✇✐♥❣ t❤❡ ■P✈✻ st❛♥❞❛r❞✐③❛t✐♦♥✱ ❳❝❛st✻ ❛♥❞ ❳✻❚✐ ♣r♦t♦❝♦❧s ❝❛♥ ✇♦r❦ ♦♥ t❤❡ ❝✉rr❡♥t
■♥t❡r♥❡t ✇❤❡r❡ ■P✈✻ ✐s s✉♣♣♦rt❡❞✳ ❯♥❧✐❦❡ ♦t❤❡r ❤②❜r✐❞ ♠✉❧t✐❝❛st ♣r♦t♦❝♦❧ ❬✽❪ ✇❤✐❝❤ r❡q✉✐r❡s
❝♦♠♣❧✐❝❛t❡❞ ❝♦♥✜❣✉r❛t✐♦♥✱ ❳✻❚✐ ❛✉t♦♠❛t✐❝❛❧❧② ❞❡t❡❝ts ❛♥❞ s✇✐t❝❤❡s ❢r♦♠ ❆▲▼ t♦ ♥❡t✇♦r❦
❧❛②❡r ♠✉❧t✐❝❛st ✇❤❡r❡✈❡r ❳❝❛st✲❛✇❛r❡ r♦✉t❡rs ❛r❡ ❞❡♣❧♦②❡❞✳ ■♥ ♦t❤❡r ✇♦r❞s✱ ❳✻❚✐ s✉♣♣♦rts
✐♥❝r❡♠❡♥t❛❧ ❞❡♣❧♦②♠❡♥t ✲ ❛ ❦❡② ✐ss✉❡ ❢♦r ❛ ♥❡✇ ♣r♦t♦❝♦❧ t♦ ❜❡ ❞❡♣❧♦②❡❞ ♦♥ t❤❡ ■♥t❡r♥❡t✳ ■P
♠✉❧t✐❝❛st✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ r❡q✉✐r❡s ❛❧❧ r♦✉t❡rs ♦♥ t❤❡ ■♥t❡r♥❡t t♦ ❜❡ ✉♣❣r❛❞❡❞✳
✻✳✸ ❙t❛t❡ s❝❛❧❛❜✐❧✐t② ❛♥❞ ❈P❯ ♣r♦❝❡ss✐♥❣
❆s ✐♥tr♦❞✉❝❡❞ ✐♥ ❬✷✷❪✱ t❤❡ ✉♥✐❝❛st r♦✉t✐♥❣ t❛❜❧❡ t♦❞❛② ❤♦❧❞s ♠♦r❡ t❤❛♥ ✸✵✵✱✵✵✵ ♥❡t✇♦r❦
♣r❡✜①❡s✱ ❛♥❞ t❤❡ ♥✉♠❜❡r ❦❡❡♣s ✐♥❝r❡❛s✐♥❣ t♦ ♠♦r❡ t❤❛♥ ♦♥❡ ♠✐❧❧✐♦♥ ✐♥ t❤❡ ♥❡①t ❢♦✉r ♦r ✜✈❡
②❡❛rs✳ ❆s ♦❢ t♦❞❛②✱ ♦♥❡ ❧❛t❡st r♦✉t❡r ✐s ❡❛s② t♦ ❤❛♥❞❧❡ t❤❡ ❝✉rr❡♥t r♦✉t✐♥❣ t❛❜❧❡ ✇✐t❤ t❤❡
♠❡♠♦r② ✉t✐❧✐③❛t✐♦♥ ✐s ✇❡❧❧ ❜❡❧♦✇ ✺✵✪✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ r♦✉t✐♥❣
t❛❜❧❡ ❣r♦✇t❤ r❛t❡ ✐♥ t❤❡ ❢✉t✉r❡ ✐s ♠♦r❡ ❧✐♥❡❛r ✇❤✐❧❡ t❤❡ ♠❡♠♦r② ❝❛♣❛❝✐t② ❣r♦✇t❤ ✐s ♥❡❛r✲
❡①♣♦♥❡♥t✐❛❧✳ ❙♦✱ ✐t s❡❡♠s t❤❡ ❣r♦✇t❤ ♦❢ r♦✉t✐♥❣ t❛❜❧❡ s✐③❡ ✐s ♥♦t ❛ ♣r♦❜❧❡♠ ♦♥ t❤❡ ■♥t❡r♥❡t✳
❍♦✇❡✈❡r✱ ❢r♦♠ t❤❡ ♣♦✐♥t ♦❢ ✈✐❡✇ ♦❢ t❤❡ ♦♣❡r❛t♦rs ✐♥ t❤❡ ♣❛♣❡r ❬✷✷❪✱ t❤❡② s❤♦✇ t❤❛t t❤❡r❡
✐s ❛♥ ✐♠♠❡❞✐❛t❡ r♦✉t✐♥❣ s❝❛❧❛❜✐❧✐t② ♣r♦❜❧❡♠ t♦ ❛❞❞r❡ss t♦❞❛②✳ ❆t ✜rst✱ t❤❡r❡ ❛r❡ ♠❛♥② ♦❧❞
■◆❘■❆
❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ❢♦r ▲❛r❣❡ ▼✉❧t✐❝❛st ●r♦✉♣s ✷✸
r♦✉t❡rs ✇❤✐❝❤ ❛r❡ st✐❧❧ r✉♥♥✐♥❣ ♦♥ t❤❡ ■♥t❡r♥❡t✳ ❚❤❡s❡ ❦✐♥❞s ♦❢ ♦❧❞ r♦✉t❡rs ❝❛♥ ❜❡ s❡❡♥ ❛s
t❤❡ ❜♦tt❧❡♥❡❝❦s t❤❛t ❝❛✉s❡ t❤❡ r♦✉t✐♥❣ s❝❛❧❛❜✐❧✐t② ♣r♦❜❧❡♠ ❢♦r ❛♥ ■❙P✳ ❍♦✇❡✈❡r✱ ✉♣❣r❛❞✐♥❣
r♦✉t❡r ✐s ❝♦♠❡ ✇✐t❤ t❤❡ ♦♣❡r❛t✐♦♥❛❧ ❡①♣❡♥s❡ ✭❝♦st ♦❢ ♠❛♥❛❣❡♠❡♥t✱ tr❛✐♥✐♥❣✱ ❡t❝✳✮✳ ❚❤✉s✱
■❙Ps ✇✐❧❧ ❧✐❦❡❧② tr② t♦ ❛❞❞r❡ss t❤❡ ♣r♦❜❧❡♠ ✇✐t❤ ♠✐♥✐♠❛❧ ❝♦st ❛♥❞ t❤❡ ❧❡❛st s❡r✈✐❝❡ ✐♠♣❛❝t ♦r
t❤❡② ♣r❡❢❡r ❛ t❡❝❤♥♦❧♦❣✐❝❛❧ s♦❧✉t✐♦♥ t❤❛♥ ✉♣❣r❛❞✐♥❣ ❤❛r❞✇❛r❡ s♦❧✉t✐♦♥✳ ❋r♦♠ ✷✵✵✻✱ ❛❢t❡r t❤❡
■♥t❡r♥❡t ❆r❝❤✐t❡❝t✉r❡ ❇♦❛r❞ ✇♦r❦s❤♦♣ ♦♥ ❘♦✉t✐♥❣ ❛♥❞ ❆❞❞r❡ss✐♥❣✱ t❤❡r❡ ❛r❡ ♠❛♥② s♦❧✉t✐♦♥s
❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ ✇❤✐❝❤ ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ t❤❡ s♣❡❝✐❛❧ ✐ss✉❡ r❡♣♦rt ❬✷✸❪✳ ❋r♦♠ t❤❡s❡ ♣♦✐♥ts
♦❢ ✈✐❡✇✱ t❤❡ s❝❛❧❛❜✐❧✐t② ♦❢ ✉♥✐❝❛st r♦✉t✐♥❣ t❛❜❧❡ ✐s r❡❛❧❧② ❛ ♣r♦❜❧❡♠ t❤❛t ♥❡❡❞ t♦ ❜❡ s♦❧✈❡❞
t♦❞❛②✳ ❋♦r ■P ♠✉❧t✐❝❛st ♣r♦t♦❝♦❧✱ t❤❡ ♠✉❧t✐❝❛st r♦✉t✐♥❣ t❛❜❧❡ s✐③❡ ✐s ✐♥❝r❡❛s✐♥❣ ❧✐♥❡❛r❧② ✇✐t❤
t❤❡ ♥✉♠❜❡r ♦❢ ❛❝t✐✈❡ ♠✉❧t✐❝❛st ❣r♦✉♣s✳ ❆s ♦❢ ♠✐❞✲②❡❛r ✷✵✵✾✱ t❤❡ ♥✉♠❜❡r ♦❢ ✐♥st❛❧❧❡❞ ❜❛s❡
♦❢ ❣r♦✉♣ ✈✐❞❡♦ ❝♦♥❢❡r❡♥❝✐♥❣ ✭❱✐❈✮ s②st❡♠s ✇❛s ❛♣♣r♦①✐♠❛t❡❧② ✾✵✵✱✵✵✵ ✉♥✐ts✱ ❛♥❞ ✐t ❦❡❡♣s
✐♥❝r❡❛s✐♥❣ ✇✐t❤ t❤❡ ❣r♦✇t❤ ♦❢ ✸✵✪ t♦ t❤❡ ②❡❛r ♦❢ ✷✵✶✹ ❬✷✹❪❬✷✺❪✳ ❈❧❡❛r❧②✱ ✐❢ ❱✐❈ ✐s ❞❡♣❧♦②❡❞
✉s✐♥❣ ♠✉❧t✐❝❛st s❡r✈✐❝❡✱ t❤❡ r♦✉t✐♥❣ t❛❜❧❡ s✐③❡ ❛t r♦✉t❡rs ❝❛♥ ❜❡ ❡①♣❧♦s✐✈❡✳
❳✻❚✐ ♠♦❞❡❧ ♣✉s❤❡s ♠♦st ♦❢ t❤❡ ✐♥t❡❧❧✐❣❡♥t ❛♥❞ ❝♦♠♣❧✐❝❛t❡❞ ♣❛rts t♦ t❤❡ ❡❞❣❡ ♦❢ t❤❡
♥❡t✇♦r❦ ✭❡♥❞✲❤♦sts✮✳ ❆s ❛ r❡s✉❧t✱ ③❡r♦ st❛t❡ ❛t ❳❝❛st✲❛✇❛r❡ r♦✉t❡rs ♠❛❦❡s ✐t s❝❛❧❡ ✈❡r② ✇❡❧❧
✇✐t❤ ✈❡r② ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❛❝t✐✈❡ ❣r♦✉♣s✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡r❡ ✐s ♥♦ ❞✐r❡❝t ❝♦♥tr♦❧ ♠❡ss❛❣❡
❜❡t✇❡❡♥ ❡♥❞✲❤♦sts ❛♥❞ r♦✉t❡rs ❤❡❧♣s t♦ r❡❞✉❝❡ ❈P❯ ♣r♦❝❡ss✐♥❣ ❛t r♦✉t❡rs✳ ❍♦✇❡✈❡r✱ r♦✉t❡rs
❤❛✈❡ t♦ ♣❡r❢♦r♠ ✉♥✐❝❛st t❛❜❧❡ ❧♦♦❦✉♣ ❢♦r ❡❛❝❤ ■P ❛❞❞r❡ss ✐♥ t❤❡ ♣❛❝❦❡t ❤❡❛❞❡r✳ ❚❤✐s ✐♥❝r❡❛s❡s
t❤❡ ❈P❯ ♣r♦❝❡ss✐♥❣ ✐♥ r♦✉t❡r✳ ❚♦ ❛❧❧❡✈✐❛t❡ t❤✐s ♣r♦❜❧❡♠✱ t❤❡ ♥❡t✇♦r❦ ♦♣❡r❛t♦rs ❝❛♥ ❝♦♥✜❣✉r❡
t❤❡ r♦✉t❡rs s♦ t❤❛t ✐❢ t❤❡ ❈P❯ ✉t✐❧✐③❛t✐♦♥ ✐s ♦✈❡r ❛ t❤r❡s❤♦❧❞✱ t❤❡ ❳❝❛st s❡r✈✐❝❡ ❛t t❤✐s r♦✉t❡r
✇✐❧❧ ❜❡ t❡♠♣♦r❛r✐❧② st♦♣♣❡❞ t♦ r❡❞✉❝❡ ♦✈❡r❤❡❛❞✳ ❆t t❤✐s t✐♠❡✱ ✉s❡r ❛♣♣❧✐❝❛t✐♦♥s ❛r❡ st✐❧❧
✇♦r❦✐♥❣ ❛♥❞ ❳✻❚✐ ♣❛❝❦❡ts ❛r❡ ❜②♣❛ss❡❞ t❤❡s❡ ♦✈❡r❧♦❛❞ r♦✉t❡rs ❧✐❦❡ t❤❡ ♥♦r♠❛❧ r♦✉t❡rs✳
✻✳✹ ❋❛st r♦✉t❡ ❛❞❛♣t❛t✐♦♥
■♥ ❆▲▼✱ ✇❤❡♥❡✈❡r ❛♥ ❡♥❞✲❤♦st ❥♦✐♥s✴❧❡❛✈❡s✱ t❤❡ ♥❡✇ ♦✈❡r❧❛② r♦✉t✐♥❣ tr❡❡ s❤♦✉❧❞ ❜❡ ❞✐ss❡♠✲
✐♥❛t❡❞ t♦ ❛❧❧ t❤❡ ♠❡♠❜❡rs ✐♥ ♠✉❧t✐❝❛st s❡ss✐♦♥✳ ❳❝❛st✻ ❛♥❞ ❳✻❚✐✱ ♦♥ t❤❡ ♦t❤❡r s✐❞❡✱ ♦♥❧②
♥❡❡❞ t♦ ✉♣❞❛t❡ r♦✉t✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❛t t❤❡ t❤❡ s♦✉r❝❡ ♦r t❤❡ ❳✻❚✐ s✉❜✲r♦♦ts✳ ■♥ ❛❞❞✐t✐♦♥✱
✇✐t❤ t❤❡ s✉♣♣♦rt ♦❢ ❳❝❛st✲❛✇❛r❡ r♦✉t❡rs✱ ❳❝❛st✻ ❛♥❞ ❳✻❚✐ ✇♦r❦ ✐♥ ♥❡t✇♦r❦ ❧❛②❡r ♠✉❧t✐❝❛st
✇✐t❤ ❤✐❣❤ r❛♥❦ ♦❢ ❢❛st r♦✉t❡ ❛❞❛♣t❛t✐♦♥ ❧✐❦❡ ■P ♠✉❧t✐❝❛st✳
✻✳✺ ❆❞❞r❡ss ❛❧❧♦❝❛t✐♦♥ ❛♥❞ r♦✉t✐♥❣
❳✻❚✐ ❞♦❡s ♥♦t s✉♣♣♦rt ■P✈✹✳ ■t s✐♠♣❧② ✉s❡s t❤❡ ✉♥✐❝❛st ■P✈✻ ❛❞❞r❡ss✳ ❚❤✉s✱ ✐t ❞♦❡s ♥♦t ♥❡❡❞
❛ ❣❧♦❜❛❧ ♠✉❧t✐❝❛st ❛❞❞r❡ss ❛❧❧♦❝❛t✐♦♥ ♠❡❝❤❛♥✐s♠ t♦ ❛✈♦✐❞ ❛❞❞r❡ss ❝♦❧❧✐s✐♦♥✳ ▼♦r❡♦✈❡r✱ ❳✻❚✐
✐s s✐♠♣❧❡ ❛♥❞ ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ ❝✉rr❡♥t ✉♥✐❝❛st ♣r♦t♦❝♦❧s✳ ❳✻❚✐ ❞♦❡s ♥♦t ♥❡❡❞ ❛♥② ♥❡✇
♣r♦t♦❝♦❧s ❛t ♥❡t✇♦r❦ ❧❛②❡r s✉❝❤ ❛s ♠✉❧t✐❝❛st ❣r♦✉♣ ♠❡♠❜❡rs❤✐♣ ❞✐s❝♦✈❡r② ♦r ♠✉❧t✐❝❛st r♦✉t✐♥❣
♣r♦t♦❝♦❧ ❧✐❦❡ ■P ♠✉❧t✐❝❛st✳ ■♥ ❛❞❞✐t✐♦♥✱ ❳✻❚✐ ♣❛❝❦❡ts ❝❛♥ ♠❛❦❡ ✉s❡ ♦❢ tr❛✣❝ ❡♥❣✐♥❡❡r✐♥❣
✉♥✐❝❛st ♣❛t❤s✳
❘❘ ♥➦ ✼✼✽✹
✷✹ ▼♦✉❧✐❡r❛❝ ✫ P❤❛♥ ✫ ❚❤♦❛✐ ✫ ❚r❛♥
✻✳✻ ❚❤❡ ❝❤❛❧❧❡♥❣❡ ♦❢ ❡❝♦♥♦♠✐❝s
▲✐❦❡ ❙♦✉r❝❡ ❙♣❡❝✐✜❝ ▼✉❧t✐❝❛st ✭❙❙▼✮ ❬✶✵❪✱ ❳✻❚✐ ❝❛♥ ❜❡ ❛ ♣♦t❡♥t✐❛❧ s❡r✈✐❝❡ ❢r♦♠ ✇❤✐❝❤ ❛♥
■❙P ❝❛♥ r❡❝❡✐✈❡ ♥❡✇ r❡✈❡♥✉❡✳ ❚❤❡ s✐♥❣❧❡ s♦✉r❝❡ ♦✇♥❡rs❤✐♣ ♦❢ t❤❡ ♠✉❧t✐❝❛st s❡ss✐♦♥ ❝❛♥ ❜❡
❡❛s✐❧② ❞❡t❡r♠✐♥❡❞✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ♥✉♠❜❡r ♦❢ ♠❡♠❜❡rs ✐♥ ❛ ♠✉❧t✐❝❛st s❡ss✐♦♥ ❝❛♥ ❛❧s♦ ❜❡
❞❡t❡r♠✐♥❡❞ ❛ss✐st✐♥❣ t❤❡ ■❙P ✐♥ ❝❤❛r❣✐♥❣ ♠✉❧t✐❝❛st s❡ss✐♦♥ ❜❛s❡❞ ♦♥ ❞✐✛❡r❡♥t s❝❛❧❡ ♦❢ ✉s❡✳
✻✳✼ ❍❡❛❞❡r s✐③❡ ♦✈❡r❤❡❛❞
❚❤❡ ❳✻❚✐ ❞❛t❛❣r❛♠ ✐♥❝❧✉❞❡s t❤❡ ■P✈✻ ♦✉t❡r ❤❡❛❞❡r ✭✹✵ ❜②t❡s✮✱ t❤❡ ■P✈✻ ✐♥♥❡r ❤❡❛❞❡r ✭✹✵
❜②t❡s✮✱ t❤❡ r♦✉t✐♥❣ ❤❡❛❞❡r (24 + 16∗N ✭❜②t❡s✮ ✇❤❡r❡ ◆ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s✮✱
t❤❡ ❞❡st✐♥❛t✐♦♥ ♦♣t✐♦♥ ❤❡❛❞❡r ✭✹✵ ❜②t❡s✮✱ t❤❡ tr❛♥s♣♦rt ❤❡❛❞❡r ✭❯❉P ❤❡❛❞❡r✿ ✽ ❜②t❡s✮ ❛♥❞
♣❛②❧♦❛❞✳ ❆ss✉♠✐♥❣ t❤❡ ▼❚❯ ✐s ✶✺✵✵ ❜②t❡s✱ t❤✉s✱ t❤❡ ♣❛②❧♦❛❞ ❧❡♥❣t❤ ♦❢ ❛♥ ❳✻❚✐ ♣❛❝❦❡t ✐s
❛ ❢✉♥❝t✐♦♥ ♦❢ ◆✿ payload = 1348− 16∗N ✳ ■t✬s ❞✉❡ t♦ ❛♣♣❧✐❝❛t✐♦♥✱ ✉s❡r ❝❛♥ ❛❞❞ t❤❡ s✉✐t❛❜❧❡
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number of destinations
❋✐❣✉r❡ ✷✵✿ ❘❡❧❛t✐♦♥ ♦❢ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s ❛♥❞ ♣❛②❧♦❛❞ ❧❡♥❣t❤
♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s ✭❝❛❧❧❡❞ XCAST❴MAX❴NODE ≤ 64✮ ✐♥t♦ ❡✈❡r② ♣❛❝❦❡t✳ ❆s s❤♦✇♥
✐♥ ❬✷✻❪✱ t❤❡ ❣❧♦❜❛❧ ♣r♦❝❡ss✐♥❣ t✐♠❡ ❢♦r ❛♥ ❳✻❚✐ ♣❛❝❦❡t ✐s tG = τ1 + N
∗τ2✱ ✇❤❡r❡ τ1 ✐s t❤❡
♣r♦❝❡ss✐♥❣ t✐♠❡ ♦❢ t❤❡ ■P ❛♥❞ t❤❡ ❳✻❚✐ ❤❡❛❞❡r ✇❤✐❧❡ τ2 ✐s t❤❡ ❧♦♦❦✉♣ t✐♠❡ ❢♦r ❡❛❝❤ ❡♥tr②
✐♥ t❤❡ ❧✐st ♦❢ ❞❡st✐♥❛t✐♦♥s✳ ❇❡❝❛✉s❡ t❤❡ τ1 ✐s t❤❡ s❛♠❡ ❢♦r ❡✈❡r② ❳✻❚✐ ♣❛❝❦❡t✱ t❤❡ t♦t❛❧
♣r♦❝❡ss✐♥❣ t✐♠❡ ❢♦r ❛ ♣❛❝❦❡t ✇✐t❤ N ❞❡st✐♥❛t✐♦♥s ✐s s♠❛❧❧❡r t❤❛♥ ❢♦r N ♣❛❝❦❡ts ✇✐t❤ ♦♥❧②
♦♥❡ ❞❡st✐♥❛t✐♦♥✳ ❋♦r ❛♣♣❧✐❝❛t✐♦♥ ❧✐❦❡ ❱♦✐❝❡ ♦✈❡r ■P✱ t❤❡ ♣❛②❧♦❛❞ ❢♦r ❡✈❡r② ♣❛❝❦❡t ✐s s♠❛❧❧
✭✷✵ t♦ ✶✻✵ ❜②t❡s✮ ❬✷✼❪✳ ▼♦r❡♦✈❡r✱ t❤✐s ❛♣♣❧✐❝❛t✐♦♥ ✐s ❞❡❧❛②✲s❡♥s✐t✐✈❡✱ t❤✉s s❡♥❞✐♥❣ ♦♥❡ ♣❛❝❦❡t
✇✐t❤ t❤❡ ♠❛①✐♠✉♠ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s s❤♦✉❧❞ ❜❡ ❜❡tt❡r t❤❛♥ s❡♥❞✐♥❣ ♠❛♥② ♣❛❝❦❡ts ❡❛❝❤
✇✐t❤ t❤❡ s♠❛❧❧ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s✳ ■♥ ❬✷✻❪✱ t❤❡ ❛✉t❤♦rs ❤❛✈❡ ❛❧s♦ ✐♥tr♦❞✉❝❡❞ ❛ s✐♠♣❧❡
✇❛② t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s ❢♦r ❛ ❣✐✈❡♥ ♠✉❧t✐❝❛st ❣r♦✉♣✳
■◆❘■❆
❳❝❛st✻ ❚r❡❡♠❛♣ ✐s❧❛♥❞s ❢♦r ▲❛r❣❡ ▼✉❧t✐❝❛st ●r♦✉♣s ✷✺
✻✳✽ ❆✉t❤♦r✐③❡❞ s❡♥❞❡r ❛♥❞ r❡❝❡✐✈❡rs
❚❤❡ ❳✻❚✐ ♠♦❞❡❧ ❝❛♥ s✉♣♣♦rt ❛✉t❤❡♥t✐❝❛t❡❞ s✉❜s❝r✐♣t✐♦♥ ❢♦r ❜♦t❤ s❡♥❞❡r ❛♥❞ r❡❝❡✐✈❡rs✳ ❇②
❛❝❝❡♣t✐♥❣✴r❡❥❡❝t✐♥❣ ♣♦❧✐❝✐❡s ♦♥ t❤❡ ❥♦✐♥ r❡q✉❡st✱ t❤❡ s♦✉r❝❡ ❤♦st ❝❛♥ ❝♦♥tr♦❧ ♦t❤❡r ❤♦sts✬
❛❜✐❧✐t② t♦ r❡❝❡✐✈❡ ❞❛t❛ ❢r♦♠ ✐t✳ ❚❤✐s ✐s ❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t ❢♦r ♣❛②✲❢♦r ❝♦♥t❡♥t ✭❡✳❣✳ ♣❛②✲
♣❡r✲✈✐❡✇ ❡✈❡♥ts✮✱ ✇✐t❤♦✉t t❤✐s✱ t❤❡ s♦✉r❝❡ ❝❛♥ ❧♦ss r❡✈❡♥✉❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ r❡❝❡✐✈❡rs
❛r❡ ❛ss✉r❡❞ ♦❢ ♦♥❧② r❡❝❡✐✈✐♥❣ ❞❛t❛ ❢r♦♠ t❤❡ s♦✉r❝❡ t❤❡② ❞❡s✐r❡✳ ❚❤✐s ♣r❡✈❡♥ts ❛♥ ✉♥❛✉t❤♦r✐③❡❞
s❡♥❞❡r t♦ s❡♥❞ tr❛✣❝ t♦ ❛ ♠✉❧t✐❝❛st ❣r♦✉♣✳
✼ ❈♦♥❝❧✉s✐♦♥
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